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Jasmonic acid is a plant hormone responsible for various development and growth 
processes as well as reactions to biotic and abiotic stresses. JASMONATE-ZIM 
DOMAIN (JAZ) proteins are the repressors in JA signaling pathway in 
Arabidopsis. They recruit the general corepressor TOPLESS (TPL) through the 
adaptor protein NOVEL INTERACTOR OF JAZ (NINJA). The protein complex 
inhibits the transcription of JA-responsive genes in the absence of the hormone. In 
the presence of JA, JAZ proteins are degraded by the SCFCOI1 complex, by which 
the downstream transcription factors are released and JA-inducible genes are 
expressed. JA-induced gene transcription may involve chromatin modifications 
and other repressors. 
 
In this study, it was found that JAZ proteins recruit Polycomb group (PcG) 
proteins to repress the expression of JA-responsive genes in the absence of JA. 
We show that LIKE-HETEROCHROMATIN  PROTEIN 1 
(LHP1)/TERMINAL FLOWER 2 (TFL2), EMBRYONIC FLOWERING 1 
(EMF1) and EMF2 can interact with a few of JAZ proteins as well as the adaptor 
NINJA by in vivo and in vitro assays. JA defect phenotypes in the JA receptor 
mutant cornatine insensitive 1 (coi1) can be partially rescued in the double mutant 
of coi1-1;lhp1-96. The double mutant shows partial male fertility and more 
trichome number than coi1-1, indicating that LHP1 is the repressor in the JA 
viii 
 
signaling pathway. Moreover, lhp1 mutants are hypersensitive to JA-mediated 
root growth inhibition. In lhp1, many JA-responsive genes are de-repressed and 
hypersensitive to JA induction, which further demonstrates the repressive role of 
PcG in JA-responsive genes. In addition, we found that EMF1 can interact with 
MYB26, a downstream transcription factor specific for JA-regulated stamen 
development. The results described in this thesis demonstrate that Arabidopsis 
PcG proteins coordinate with JAZs to repress the transcription of JA-responsive 
gene and thus broaden the understanding of biological functions of the widely 
conserved PcG proteins. 
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1.1 Plant hormone and jasmonic acids 
 
Due to the sessile character, plants need to adapt to various exogenous stimuli 
during the growth and development. The plant hormones, composed of a cluster 
of structurally unrelated small molecules, play key roles in the integration of 
plant’s genetic program with numerous environmental signals (Santner et al., 
2009; Santner and Estelle, 2009). Back to the 19th century, Charles Darwin and 
Julius von Sachs found that some unknown “substances” can regulate a variety of 
plant developmental processes and the “substances” can travel in the plants 
(Darwin, 1880; Sachs, 1880). More than a century later, people began to realize 
that these substances are small molecules produced from numerous metabolic 
pathways with extremely low concentrations. Now, the list of plant hormones is 
growing and includes abscisic acid (ABA), brassinosteroids (BRs), cytokinin, 
ethylene, gibberellic acid (GA), indole-3-acetic acid (IAA or auxin), jasmonic 
acid (JA), nitric oxide, salicylic acid (SA) and strigolactones (Browse, 2005; 
Davies, 1995; Gomez-Roldan et al., 2008; Grun et al., 2006; Loake and Grant, 
2007; Umehara et al., 2008; Vert et al., 2005). Collaboratively, these plant 
hormones control every aspect of plant development.  
 
In the last 10 to 15 years, the molecular mechanisms of biosynthesis and signaling 
transduction pathways of some plant hormones were well characterized (BR, 
cytokinin, GA, IAA, and JA). For example, GA, IAA and JA share similar if not 
identical pattern in signaling transduction. The hormones are perceived by nuclear 
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receptors, which are the members of different SCF E3-type ubiquitin ligase 
complexes. Upon hormone binding, the repressors of the signaling pathways are 
degraded by the SCF complexes and transcription factors can be released to 
initiate hormone-dependent gene expression (Santner et al., 2009). Other 
hormones, like BR and cytokinin, have their receptors in the plasma membrane 
and the hormone bindings trigger phosphorylation cascades which ultimately 
initiate gene expression in the nucleus (Santner and Estelle, 2009). Among these 
plant hormones, JA mainly participates in biotic and abiotic stress responses as 
well as plant development and growth. The biosynthesis and signaling pathway of 




1.1.1 JA biosynthesis 
 
The lipid-derived hormone jasmonates are ubiquitously distributed in plants and 
participate in a wide range of plant processes, from root growth, fruit ripening, 
trichome formation, flower development to response to wounding and various 
biotic and abiotic reactions (Creelman and Mullet, 1997). Jasmonic acid and its 
metabolites are the final products of oxylipin through octadecanoid pathway 
(Turner et al., 2002). They negatively or positively alter gene transcription in 
cooperation with other plant hormones such as auxin, abscisic acid, ethylene and 
salicylate to manipulate plant growth and environmental stimuli (Wasternack, 
2007). 
 
The biosynthesis of JA begins with α-linolenic acid which is released from 
chloroplast membranes and oxylipins are derived from α-linolenic acid or linoleic 
acid by lipoxygenases (LOXs) (Feussner and Wasternack, 2002). LOXs catalyze 
α-linolenic acid to (13S)-hydroperoxyoctadecatrienoic acid (13-HPOT) or (9S)-
hydroperoxyoctadecatrienoic acid (9-HPOT) and linoleic acid to (13S)-
hydroperoxyoctadecadienoic acid (13-HPOD) or (9S)-
hydroperoxyoctadecadienoic acid (9-HPOD), respectively. In the next step, 13-
HPOT is transformed to allene oxide by the enzyme 13-AOS, which locates in the 
plastid (Maucher et al., 2000; Vick and Zimmermann, 1987). Another plastid-
located enzyme, allene oxide cyclase (AOC), catalyzes allene oxide to cis(+)-12-
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oxophytodienoic acid (OPDA), which is the final product in the plastid in JA 
biosynthetic pathway (Ziegler et al., 2000). 
 
After that, subsequent reaction steps happen in the peroxisome. OPDA reductase 
(OPR) cuts the cyclopentenon ring of OPDA (Strassner et al., 2002). Arabidopsis 
has more than three OPR isoforms and only OXOPHYTODIENOATE-
REDUCTASE 3 (OPR3) shows specificity to cis(+)-OPDA. All known plants 
OPR3 are localized to the peroxisomes and therefore OPDA must be released 
from the chloroplast and imported into peroxisomes. The ABC transporter, 
COMATOSE (CTS), is one promising candidate and its mutant shows partial JA-
deficient phenotype (Theodoulou et al., 2005). 
 
The final step in JA biosynthesis is the β-oxidative step, which shortens the β-
oxidative side-chain in OPDA (Miersch and Wasternack, 2000). The reaction is 
taken by acyl-CoA oxidase (ACX1) which has five isoforms in Arabidopsis and 
L-3-ketoacyl CoA thiolase in tomato (Wasternack, 2007). The β-oxidative step 
occurs only when OPDA conjugates with CoA ester, but how OPDA-CoA ester 
formed is unclear. Both chloroplast and peroxisome are proposed for the reaction, 




1.1.2 JA biosynthesis regulation 
 
All the genes for JA biosynthetic enzymes are JA inducible, which indicates that 
JA biosynthesis is under a positive loop regulation (Wasternack, 2006). Further 
experimental data support the existence of such a positive feedback. The 
expression level of AOC is decreased in JA deficient mutants, like opr3 and coi1 
(Stenzel et al., 2003), while high level of AOC is detected in JA constitutive 
mutant cev (Ellis et al., 2002). Besides that, JA concentration is subject to the 
availability of substrates. For example, overexpression of JA biosynthetic genes 
does not elevate the JA level in normal conditions and wound-induced JA level is 
transit even before the upregulation of gene transcription of JA biosynthetic 
enzymes (Howe e al., 2000; Laudert et al., 2000; Stenzel et al., 2003). In tomato, 
JA biosynthesis is also controlled by the tissue- and cell-specific distribution of 
the enzymes (Schilmiller and Howe, 2005). 
 
Tomato JA biosynthesis is controlled by a well-defined systemin signal pathway 
(Constabel et al., 1995). Systemin is a polypeptide of 18 amino acids and acts as 
the primary signal of defense in wounded tomato leaves (Pearce et al., 1991). The 
polypeptide induces the release of linolenic acid from chloroplast membrane and 
the synthesis of JA (Howe and Schilmiller, 2002; Orozco-Cardenas et al., 2001). 
Like JA biosynthetic enzymes, expression of systemin is mainly confined to the 
vascular tissues (Ryan, 2000). 
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1.1.3 Metabolism of JA 
 
JA is are widely distributed in plant kingdom, having been detected in mosses, 
fungi, algae, gymnosperms and angiosperms and a specific organism contains 
various jasmonate derivatives (Meyer et al., 1984; Miersch et al., 1999). 
Generally, the (-)-JA and its derivatives have more biological activities than (+)-
JAs and methylation and amino acids conjugates can impact the activities of JAs 
(Wasternack, 2007).  
 
The levels and activities of JAs are subject to different modifications, such as 
amino acid conjugates, methylation, C-11 or C-12 hydroxylation, decarboxylation, 
and conjugation to ethylene precursor ACC (Wasternack, 2007). Amino acids 
conjugated JAs are the components of plant tissues and their concentrations 
correspond to osmotic stress (Kramell et al., 1995). Among these conjugates, JA-
Ile is the active form of JA and has high levels in leaves and flowers (Waternack, 
2007). 
 
1.1.4 Action of jasmonates 
 
While JAs have a broad range of function in plant growth, development and biotic 
and abiotic responses, they are even reported to be novel anti-cancer agents since 




Signals in abiotic and biotic stresses 
 
JA is well known for its function in wound responses. JA biosynthetic enzymes 
and JA levels immediately rise up in response to local wounding, which further 
leads to the transcription of protease inhibitors genes and other foliar compounds 
that give negative impacts on herbivore effects (Narváez-Vásquez and Ryan, 2004; 
Stenzel et al., 2003). This response is not only confined to herbivore attack but 
also applied to mechanical wounding (Mithöfer et al., 2005). Besides that, the JA 
receptor, COI1, plays an essential role in proper trichome development which 
performs as a developmentally based defense strategy (Li et al., 2004). 
 
Root growth inhibition 
 
JA effects on root development is one of the earliest physiological functions been 
observed. Exogenous JA or its derivatives can inhibit root elongation at picomolar 
range. Therefore, most JA insensitive mutants exhibit reduction in JA-dependent 
root growth retardation. These mutants include coi1, jasmonate insensitive 1 
(jin1/myc2) (downstream transcription factor in JA signaling pathway), jasmonate 
resistant 1 (jar1), and auxin resistant 1 (axr1) (SCF proteasome complex 






The tuber formation is induced by 12-OH-JA in Solanaceaen species (Yoshihara 
et al., 1989). Later on, it is found that 12-OH-JA is abundantly occurred in various 
tissues and species, including Arabidopsis (Wasternack, 2007). In Arabidopsis, 





JA deficient and insensitive mutants, such as opr3, defective anther dehiscence 1 
(dad1), and coi1, are all male sterile which indicates that JA is essential for flower 
development (Turner et al., 2002). JA related male sterility is characterized by 
delayed anther development, impaired filament elongation and incomplete anther 
dehiscence (Delker et al., 2006). The male sterility of JA deficient mutants can be 
rescued by exogenous application of JA, however, coi1 male sterile phenotype 
cannot be rescued by JA application. Two transcription factors, MYB21 and 
MYB24, involve in JA related stamen development (Mandaokar et al., 2006).  
myb21 mutant exhibits a JA-insensitive male sterility, which is characterized by 
shorter anther filaments, delayed anther dehiscence, and greatly reduced male 
fertility. myb21;myb24 double mutant exacerbates all three aspects of the myb21 





Another biological function of JA is to promote senescence, which is the last step 
in plant development. (Parthier, 1990). Compared with dicotyledonous plants, 
monocotyledonous plants are more sensitive to JA induced senescence. JA alters 
the expression of genes for photosynthesis, proteolysis and plant defense, as well 
as the concentrations of intermediary metabolites and sink/source relationships 
(Wasternack, 2004). Photosynthetic genes are downregulated while genes for 
defense reactions are upregulated by JA in plant leaves for senescence 
(Wasternack, 2004).  
 
Tendril coiling and touch 
 
Bryonia tendril coiling is JA-dependent (Weiler, 1997). Kinetic analyses revealed 
that OPDA is more active than JA in manipulating tendril coiling (Stelmach et al., 
1998). Another study also indicates that 12-OH-JA-O-glucoside binds to the 






1.1.5 JA signaling pathway 
 
In JA signaling transduction, the JAZ proteins play an essential role as the 
repressors in the pathway (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007). 
The bioactive JA derivative, JA-Ile, mediates the interaction of JAZs with the 
COI1, which is an F-box protein in the Skp1/Cullin/F-box SCFCOI1 ubiquitin E3 
ligase complex (Feys et al., 1994; Xie et al., 1998). JAZ proteins are then 
degraded by the 26S proteasome, which leads to the release of downstream 
transcription factors to initiate JA dependent gene transcription or inhibition. 
Later on, the general corepressor TPL is found to cooperate with JAZs in gene 
transcription repression through an adaptor protein NINJA (Pauwels et al., 2010). 
Meanwhile, the activities of JAZ proteins are subject to alternative protein 
splicing and crosstalk with other hormone signaling pathways (Figure 1) (Pauwels 





Figure 1. Molecular mechanism of JA signaling pathway. 
In the absence of JA, JA-responsive genes are repressed by a JAZ complex, which 
is composed of a JAZ, NINJA and TPL. Therefore, the transcription factors are 
inhibited. In the presence of JA, JAZs are recognized by the SCFCOI1 complex and 
degraded by 26S proteasome. This leads to the release of transcription factors and 
initiation of JA responsive gene transcription. 
13 
 
COI1 is the first component identified in the JA signaling pathway and its mutant 
shows JA insensitive phenotypes, like male sterility, normal root growth upon 
exogenous JA application (Feys et al., 1994). COI1 encodes an F-box protein in 
the Skp1/Cullin/F-box SCFCOI1 complex, which is composed of CULLI1 (CUL1), 
RING-BOX1, ARABIDOPSIS SKP1 HOMOLOG1 (ASK1), ASK2 and COP9 
signalosome (Feng et al., 2003). The role of COI1 in the complex is to recognize 
the target proteins for degradation by 26S proteasome (Xie et al., 1998).   
 
After identification of COI1, it took another decade to find its substrate through 
forward and reverse genetic screens. In 2007, several groups isolated the JAZ 
proteins and validated the quick turnover of JAZs in a COI1-dependent manner 
upon application of JA (Chini et al., 2007, Thines et al., 2007, Yan et al., 2007). 
Yeast two hybrid analyses found out that the protein interaction of JAZs with 
COI1 is JA-Ile dependent and later study pinpointed to (+)-7-iso-jasmonoyl-L-Ile, 
which is the active JA form (Fonseca et al., 2008; Katsir et al., 2008; Thines et al., 
2007). 
 
JAZ proteins contain a JA-associated (Jas) domain in their C termini which is for 
the protein interaction with COI1 (Katsir et al., 2008). The JAS domain contains a 
conserved motif which is characterized by S-L-X(2)-F-X(2)-K-R-X(2)-R with a 
Pro at its N terminus and PY at its C terminus (Yan et al., 2007). Two arginines 
are important for the interaction which locates outside the N terminus of Jas 
domain (Melotto et al., 2008).  So far, JAZ1, JAZ2, JAZ3, JAZ6, JAZ9, and 
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JAZ10 can interact with COI1 directly in yeast analyses, while JAZ7 and JAZ8, 
which lack the two conserved arginines, can not (Chung et al., 2010; Pauwels and 
Goossens, 2011).  
 
The minimal fragment for the interaction (JAZ degron) is pinpointed to the N-
terminal part of Jas domain with extended two amino acids that are not conserved 
(Sheard et al., 2010). This fragment forms an amphiphatic α-helix and a loop 
structure. The loop binds to both COI1 and JA-Ile and acts as a lid in the JA-Ile 
binding pocket and the α-helix brings COI1 to the JA-Ile binding sites (Sheard et 
al., 2010). After the protein interaction, JAZs are polyubiquitinated and degraded 
by the proteasome (Saracco et al., 2009). 
 
Inositol pentakisphosphate (InsP5) facilities the interaction between JAZs and 
COI1 and Arabidopsis iph1-1 mutant is JA hypersensitive (Mosblech et al., 2011; 
Sheard et al., 2010). INOSITOL POLYPHOSPHATE KINASE1 (IPK1) is for 
InsP5 to InsP6 conversion and its mutant accumulates InsP5. Also, yeast ipk1 
mutant enhance the interaction between COI1 and JAZs (Mosblech et al., 2011). 
In addition, the lack of InsP5 spoils COI1-JAZ interaction in vitro (Sheard et al., 
2010). It is possible that InsP5 performs as a cofactor for the JAZ-COI1 
coreceptor in JA perception. 
 
Dominant JAZ variant mutants show JA resistant phenotypes which all lack intact 
Jas domain. For example, dominant JAZ3 mutant is caused by a point mutation in 
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a splice acceptor sites (Chini et al., 2007). Overexpression of a JAZ10 splice 
variant and truncated JAZ1 all produce similar transgenic plants (Thines et al., 
2007; Yan et al., 2007). Other JAZs also have alternative splicing variants; 
however, only JAZ10 variants are reported to lose COI1 binding (Chung et al., 
2010; Yan et al., 2007). In the alternative splicing variant, the X5PY (PY) is lost 
in the Jas domain and this ΔPY JAZ may function to terminate JA signal (Chung 
et al., 2010). 
 
So far, the majority of Arabidopsis JAZ proteins can form homodimers and 
heterodimers in yeast two hybrid analyses (Chini et al., 2009; Chung and Howe, 
2009). The interaction is through the other conserved domain, the ZIM domain, 
which owns a highly conserved TIFY motif (Vanholme et al., 2007). Point 
mutations happen in TIFY motif abolish the formation of the dimmers (Chung 
and Howe, 2009). It is also reported that proteins without Jas domain are more 
tends to form heterodimers than full length proteins (Chini et al., 2009; Chung 
and Howe, 2009). However, no in vivo interaction or functional studies about 
these dimerizations are reported.  It is assumed that JAZs form big molecular 
weight protein complexes with dimerization, downstream transcription factors 
and other cooperators in cells and heterodimers of JAZ and JAZ ΔJas may 
dominantly repress the downstream transcription factors activities (Chung et al., 




Besides JAZs, another protein NINJA binds to JAZ proteins through ZIM domain 
(Pauwels, et al., 2010). NINJA owns an ETHYLENE RESPONSIVE FACTOR-
associated amphiphilic repression (EAR) motif in its N terminus and genetic 
analysis finds that NINJA performs as a negative regulator in the signaling 
pathway. NINJA recruits the general corepressor TPL via the EAR motif and 
serves as an adaptor linking JAZs to TPL. Four out of the 12 Arabidopsis JAZ 
proteins contain EAR motif (JAZ5, JAZ6, JAZ7 and JAZ8) and JAZ5 and JAZ8 
are reported to interact with TPL (Arabidopsis Interactome Mapping Consortium, 
2011). Thus JAZ proteins recruit TPL directly or indirectly through NINJA and 
they form a repressive complex to inhibit JA responsive genes in the absence of 
the hormone. Direct interactions between JAZ, TPL and HDACs are reported and 
therefore JA repression may involve chromatin remodeling (Long et al., 2006; 
Zhu et al., 2010; Zhu et al., 2011). 
 
1.1.6 JA downstream transcription factors  
 
So far, more than ten transcription factors are identified in JA signaling pathways. 
They participate in specific JA related growth development or responses and their 
activities are repressed by JAZ proteins via direct protein interactions. JA leads to 
the protein degradation of JAZs and these transcription factors are released to 





MYC-type basic helix-loop-helix activators 
 
MYC2 is the first identified transcription factor in JA signaling pathway. The 
basic helix-loop-helix (bHLH) protein is discovered through forward genetic 
screenings (Berger et al., 1996; Lorenzo et al., 2004). MYC2 has a dual function 
in JA responses; it acts positively in anthocyanin biosynthesis, tolerance to 
oxidative stresses and JA-related primary root growth inhibition but negatively in 
tryptophan and indole-glucosinolates biosynthesis and necrotrophic fungi defense 
(Dombrecht et al., 2007; Lorenzo et al., 2004). JAZs interact with MYC2 through 
its N-terminal JAZ-Interacting Domain (JID) and point mutation in this domain 
abolishes the interaction (Fernández-Calvo et al., 2011). Two MYC2 homologs, 
MYC3 and MYC4 also interact with JAZs and they regulate the defense to the 
herbivore Spodoptora littoralis (Fernández-Calvo et al., 2011). 
 
Other bHLH proteins with a JID domain also interact with JAZ proteins, like 
GLABRA3 (GL3), ENHANCER OF GL3 (EGL3) and TRANSPARENT 
TESTA8 (TT8) (Qi et al., 2011). However, TT8 and EGL3 use their C-terminal 
fragments to interact with JAZs but not the JID domain. GL3, EGL3, TT8 
complex also includes a WD40 protein TRANSPARANT TESTA GLABRA1 
(TTG1) and they participate in a wide range of plant development processes, 
among which trichome formation and anthocyanin biosynthesis are JA-dependent 




Besides these demonstrated interactions, another JID-containing protein, 
bHLH013, also interacts with JAZ1, JAZ8 and JAZ10 in yeast but the biological 
function of this interaction remains to be determined (Arabidopsis Interactome 
Mapping Consortium, 2011). 
 
MYB transcription factors 
 
Two R2R3 MYB proteins participate in JA-related trichome formation and 
anthocyanin biosynthetic processes. GLABRA1 (GL1) and PRODUCTION OF 
ANTHOCYANIN PIGMENT 1 (PAP1) use their C termini to interact with the 
Jas domain of JAZs and they are components of the above-mentioned GL3, EGL3, 
TT8 complex (Qi et al., 2011). Overexpression of JAZ1 disrupts this protein 
complex, while Overexpression of EGL3, GL3 or PAP1 depresses JAZs inhibition 
of transcription activities (Qi et al., 2011). 
 
Another two MYBs, MYB21 and MYB24, take part in the process of JA-
dependent male fertility. myb21 has reduced male fertility and it can be enhanced 
in the double mutant of myb21;myb24 (Mandaokar et al., 2006). Overexpression 
of MYB21 can partially rescue the male sterility of coi1 and opr3 (Cheng et al., 
2009; Song et al., 2011). Interaction between MYB21, MYB24 and JAZs involve 




1.1.7 JAZ proteins mediated hormone crosstalk  
 
JAZ proteins also mediate hormone crosstalk between ethylene and jasmonates 
and between jasmonates and gibberellic acids by protein interactions with 
components in corresponding hormone pathways (Hou et al., 2010; Zhu et al., 
2011). 
 
Crosstalk between ethylene and JA is mediated by the protein interaction between 
JAZs and ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-LIKE1 (EIL1), two 
positive regulators in ethylene responses (Zhu et al., 2011). Three JAZs (JAZ1, 
JAZ3, and JAZ9) interact with EIN3 and EIL1 using their C termini. This protein 
interaction disrupts the DNA binding abilities of EIN3 and EIL1 as the DNA 
binding domains of EIN3 and EIL1 involve in the protein interaction, which 
explains the synergistic cooperation of the two hormones  (Zhu et al., 2011).. 
 
JAZ proteins are reported to interact with the DELLA proteins, which are GA 
degradable and key repressors in GA signaling pathway (Hou et al., 2010; 
Schwechheimer and Willige, 2009). GIBBERELLIC ACID INSENSITIVE (GAI) 
and REPRESSOR OF GA (RGA) interact with JAZ, which releases MYC2 from 
JAZs-MYC2 binding. Without GA, JAZs cannot bind to MYC2 which releases 
JA related gene transcription, while in the presence of GA, JAZs inhibit MYC2 
activities. This model explains the antagonistic roles of JA and GA in plant 
growth and development. 
20 
 
1.2 Polycomb group proteins 
 
Multicellular organisms have identical DNA sequence in every single cell, but 
different cells have different RNA expression patterns. So, the regulation of gene 
expression requires chromatin modification alternations but not changes in the 
nucleotide sequence. The well-known chromatin modifications include histone 
modification, DNA methylation, histone variants and noncoding RNA, which are 
generally termed as epigenetic regulation. Among them, histone modification 
attracts more attention, mainly due to the fact that different histone tails can 
subject to various modifications and these modifications have different effects on 
gene expression. For example, the histone modifications have been identified so 
far include ADP-ribosylation, acetylation, phosphorylation, ubiquitination, 
methylation, sumoylation, biotinylation and glycosylation (Eissenberg and 
Shilatifard, 2010; Liu et al., 2010). These modifications are deposited and 
maintained by specific protein complexes and loss of function of these complexes 
will have severe impacts on organism development. 
 
One such protein complex is the PcG proteins, which deposit the transcriptional 
repressive markers, H3K27me3 and H2Aub, to the gene loci (Morey and Helin, 
2010). PcG complexes are conserved from plants to metazoans and can be 
subdivided into polycomb repressive complex 1 (PRC1) and polycomb repressive 
complex 2 (PRC2). These proteins are firstly identified in Drosophila 
melanogaster more than fifty years ago for their roles in body formation. After 
21 
 
that, more functions of PcG proteins are discovered, including cell differentiation, 
cell cycle control, cell fate decision and even cancer (Oktaba et al., 2008; Pasini et 
al., 2007; Sparmann and van Lohuizen, 2006). In mice, PRC2 deficiency can 
cause early embryonic lethality and mutants of PRC1 die in the early 
developmental stage (Pasini et al., 2004; Voncken et al, 2003). Now, the PcG 
proteins are viewed as a paradigm of epigenetic transcription regulation. 
 
Although both PRC1 and PRC2 perform as transcriptional repressors, they have 
unique catalytic functions, respectively. In Drosophila, the PRC1 complex 
includes POLYCOMB (PC), POLYHOMEOTIC (PH), POSTERIOR SEX-
COMB (PSC) and RING (Morey and Helin, 2010). Homologs of PC are 
expanded to four in human and mouse, all PC proteins contain a conserved 
chromodomain. The function of PC is supposed to bind to and maintain the 
trimethylation at histone H3 lysine 27 (Bernstein et al., 2006). Ring proteins are 
the E3-ligase to ubiquitylate the histone H2A (Wang et al., 2004). Drosophila 
PRC2 complex contains ENHANCER OF ZESTE (E(z)), SUPPRESSOR OF 
ZESTE 12 (Su(z)12) and EXTRA SEX-COMB (ESC), while mouse and human 
have two E(z) homologs (Morey and Helin, 2010). E(z) has a SET domain and 
deposits di-methylation and tri-methylation of histone H3 at lysine 27 
(H3K27me2/3) (Kuzmichev et al, 2002).  
 
Thousands of genes are under the regulation of PcG proteins and PcG proteins 
control cell-fate decisions through regulating the expression of many cell specific 
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transcription factors. Drosophila PcG proteins bind to specific DNA sequences, 
polycomb-responsive elements (PREs), and many of PREs reach up to hundreds 
of base pairs (Ringrose and Paro, 2007). The locations of PREs are variable, from 
proximal promoter regions to kilobases upstream of the transcription start site 
(TSS) of their target genes. PREs also contain binding elements for various 
transcription factors and these transcription factors are essential to recruit PcG 
proteins in Drosophila (Muller and Kassis, 2006). Other study also indicates that 
histone variants also play a role in recruiting PcG proteins (Henikoff, 2008).  In 
mouse ES cells, more than 90% of PcG targets are colocalized with H2AZ 
(Creyghton et al., 2008). Except transcription factors and histone variants, 
noncoding RNAs (ncRNAs) can also perform as PRC recruiters. Xist ncRNA 
initiates X chromosome inactivation by interacting with EZH2 and recruiting 
PRC2 to the X chromosome (Zhao et al., 2008).  
 
Besides the above mentioned co-factors, the function of PcG proteins is subject to 
the protein modifications. Genome-wide loss of H3K27me3 and re-activation of 
PcG targets can be caused by the phosphorylation at serine 21 of EZH2, which 
decreases the PRC2 chromatin binding affinity (Cha et al., 2005). RING1B, a 
component of PRC1 complex, can auto-phosphorylate its C-terminus and RING 
domain at several resides and this auto-phosphorylation is supposed to be 
responsible for H2AK119Ub1 (Ben-Saadon et al., 2006). BMI1 can also be 
phosphorylated and this leads to the departure of the PRC1 complex from its 
binding loci. Thus, phosphorylation of BMI1 causes the de-repression of specific 
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genes (Vonchen et al., 2005). Another PRC1 component, PH is subject to 
glycosylation and this modification is for the maintenance of gene repression 
(Gambetta et al., 2009). 
 
In animals, signaling pathways crosstalk with PcG proteins to regulate gene 
expression. The sonic hedgehog (SHH), ligand of hedgehog signaling pathway, 
induces the expression of BMI1 and promotes BMI1-dependent cell proliferation 
in cerebellar granule cells (Leung et al., 2004). In Drosophila, the Notch signaling 
pathway is regulated by PRC1 complex as several components are bound to and 
repressed by PH and PC (Martinez et al., 2009). Similar mechanism applies to the 
Janus kinase-signal transducer and activator of transcription (JAK-STAT) 
signaling pathway. In Drosophila PRC1 mutants, JAK-STAT is highly activated 
which leads to imaginal discs tumor formation (Classen et al., 2009). 
 
Although been accepted as gene transcription repressors, the molecular 
mechanisms of how PcG proteins work are still not entirely clear. Many possible 
mechanisms are proposed. A large amount of PRC2 binding sites overlap with 
CpG islands in human cell lines, which indicates that DNA methylation is 
involved in maintain the stable repressive state. The SET domain 
methyltransferase EZH2 interacts with DNMTs and DNA methylation is lost at 
some promoter regions in ezh2 mutants (Schlesinger et al., 2007; Vire et al., 
2006). PcG proteins are reported to antagonize with Trithorax group proteins, 
which deposit the active gene transcription mark, H3K4me3 (Grimaud et al., 
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2006). It is reported that PRC2 complex interacts with JARID1, the H3K4me2/3 
demethylase, to remove the active H3K4me2/3 marks (Lee et al., 2007). Besides 
H2AZ, another histone variant, macroH2A is reported to associate with PRC2 in 
gene repression (Buschbeck et al., 2009). 
 
One commonly-accepted notion is that PRC2 plays a major role in gene 
repression. It deposits H3K27me3 and this mark can further recruit PRC1. 
Subsequently, PRC1 deposits H2Aub1 and recruits more additional repressors or 






Figure 2. Molecular mechanism of PcG repression. 
PcG proteins can be recruited by transcription factors (TF) to the gene loci. PRC2 
complex adds the repressive mark histone H3K27me3 to the gene loci while 
PRC1 maintains H3K27me3 and deposits another repressive mark histone H2Aub. 
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Similar to animal homologs, plant PcG proteins play important roles in 
maintaining normal development and cell fates. The first plant PcG protein was 
identified in 1997 and later studies found that PcG proteins function in all 
multicellular plants (Chen et al., 2009; Mosquna et al., 2009). The report that 
Arabidopsis and moss PRC2 component can rescue each other's mutant 
phenotype partially demonstrates that the PcG proteins are evolutionarily 
conserved (Mosquna et al., 2009). Meanwhile, the plant PcG proteins are tend to 
be complex during evolution. For instance, only one copy of each genes of PcG 
proteins exist in fern and moss, while genes families which reach up to five 
members are identified in seed plants (Hennig and Derkacheva, 2009).  
 
Arabidopsis has 12 PRC2 proteins and these 12 Drosophila homologs form at 
least three complexes with distinct functions. CURLY LEAF (CLF), MEDEA 
(MEA) and SWINGER (SWN) are the homologs of E(z) (Chanvivattana et al., 
2004; Goodrich et al., 1997; Grossniklaus et al., 1998; Kiyosue et al., 1999; Luo 
et al., 1999). Su(z)12 also has three counterparts, which are EMF2, 
FERTILISATION INDEPENDENT SEED 2 (FIS2) and VERNALIZATION 2 
(VRN2) (Gendall et al., 2001; Luo et al., 1999; Yoshida et al., 2001). While Esc 
has up to six homologs FERRILIZATOIN INDEPENDENCT ENDOSPERM 
(FIE) and MULTICOPY SUPPRESSOR OF IRA 1-5 (MSI1-5) (Ach et al., 1997; 
Ausin et al., 2004; Hennig et al., 2003; Hennig et al., 2005; Kim et al., 2004; 
Ohad et al., 1999). These proteins form three PRC2 complexes: EMBRYONIC 
FLOWER (EMF), FERTILISATION INDEPENDENT SEED (FIS) and 
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VERNALIZATION (VRN) and they share some common target genes (Hennig 
and Derkacheva, 2009).  Loss of function of PcG proteins causes homeotic 
transformation of organs, which is similar to their animal counterparts. clf mutants 
alter the identity of flower organs, leading to the loss of sepals which are 
transferred from carpels (Goodrich et al., 1997). While, plants PcG proteins not 
only initiate cell specific identity, but also maintain the differentiated identity of 
specific cells. For instance, clf;swn double mutants loss the specific cellular 
identity and cells accumulate in callus-like structures. This cell de-differentiated 
phenomenon is also seen in FIE knock-down plants. (Chanvivattana et al., 2004; 
Kinoshita et al., 2001). Altogether, plants PcG proteins seem to have broader 
functions than animal homologs. Maintaining cells in differentiated states, while 
also perform to keep the identity of organs. 
 
Besides keeping flower organ identity, PcG proteins are well studied for their 
roles in floral transition and seed development. Two PRC2 complexes involve in 
the regulation of flowering time. The EMF complex promotes vegetative growth 
and therefore represses premature floral transition. The function of EMF complex 
is to repress the expression of FLOWERING LOCUS T (FT) and AGAMOUS-
LIKE 19 (AGL19), two main flowering activator genes (Jiang et al., 2008; 
Schonrock et al., 2006; Yoshida et al., 2001). Another PRC2 complex, VRN 
complex, epigenetically represses the expression of FLC after vernalization, thus 
promotes flowering in the coming spring. In the vrn mutant, FLC expression still 
increases after cold exposure (De Lucia et al., 2008). The VRN complex 
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associates with a PHD finger protein family, which is composed of 
VERNALIZATION INSENSITIVE 3 (VIN3), VIN5, VEL1, VEL2, and VEL3, 
during vernalization (De Lucia et al., 2008; Wood et al., 2006). The PHD-VRN 
complex deposits H3K27me3 in FLC chromatin during prolonged cold. Later on, 
it is found that the binding of VRN5 and deposition of H3K27me3 are constricted 
to the TSS to the beginning of the first intron of FLC at the initial of vernalization, 
while it gradually spreads to the whole sequence after vernalization (De Lucia et 
al., 2008: Finnegan and Dennis, 2007). Taken together, EMF complex and VRN 
complex work coordinately to insure the proper floral transition in Arabidopsis.  
The FIS complex, which is composed of MEA/SWN, FIE, FIS2 and MSI1, is to 
maintain the undeveloped statues of endosperm and seed before fertilization 
(Kohler and Makarevich, 2006).  
                                                                                                                                    
Unlike PRC2 complexes, the components of PRC1 in plants are largely unknown, 
which is due to the lack of Pc homologs. One candidate is LHP1, which contains 
one chromo domain and one chromo shadow domain. However, different to 
animal HP1, Arabidopsis LHP1 binds to the euchromatin region and represses 
euchromatin genes (Hennig and Derkacheva, 2009). The binding sites of LHP1 
overlap with PRC2 targets, but not genes in heterochromatin (Libault et al., 2005; 
Nakahigashi et al., 2005). The chromodomain of LHP1 is for H3K27me3 binding 
in vitro and in vivo ChIP-chip data  found that the LHP1 binding sites strongly 
coincide with H3K27me3 regions genome-wide (Turck et al., 2007; Zhang et al., 
2007). Therefore, LHP1 plays the same role as animal Pc protein, which is to bind 
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to H3K27me3 deposited by the PRC2 complexes. Null alleles of lhp1 mutants 
show multiple aspects of growth defects, ranging from plant architecture, 
inflorescence determinacy, and flowering time to hormone levels (Gaudin et al., 
2001; Larsson et al., 1998; Takada and Goto, 2003). 
                                                                                                                                  
Although LHP1 binding sites overlap with the targets of PRC2 complexes, the 
lhp1 mutants have weaker phenotypes than strong mutants of PRC2 components. 
This indicates that the function of Pc involves more genes in plants which act 
redundantly with LHP1. Later studies identified that EMF1, AtRING1a, 
AtRING1b, AtBMI1a and AtBMI1b coordinate with LHP1 and they form a plant 
PRC1 complex (Bratzel et al., 2010; Calonje et al., 2008; Xu and Shen, 2008). 
                            
EMF1 is a plant-specific DNA-binding protein and it represses the expression of 
AG in an EMF PRC2 complex dependent manner (Calonje et al., 2008). It also 
stabilizes H3K27me3 levels in gene loci, which contributes to the PcG-mediated 
gene repression. Arabidopsis has two RING1 homologs with common Ubiquitin-
like RAWUL domain and RING domain, namely AtRING1a and AtRING1b 
(Sanchez-Pulido et al., 2008). Two RING1s interact with LHP1 and repress the 
class Ι KNOTTED1-like homeobox (KNOX) genes for the identity of meristem 
(Calonje et al., 2008). BMI1a and BMI1b also bind to LHP1 and they cooperate 




Arabidopsis PcG proteins have several differences with their animal counterparts. 
First, up to 15% of genes are decorated with H3K27me3, comparing with 4% of 
mammalian cells and 1.3% of flies (Ringrose, 2007; Zhang et al., 2007). However, 
it is worth noting that data from plants represent the whole cell types, while data 
from animals is only derived from a specific cell line. Therefore, PcG proteins 
may not necessarily impact on more genes in Arabidopsis. Second, plants 
H3K27me3 is restricted to coding regions but not to the noncoding regions like 
flies and mammals. Third, Arabidopsis H3K27me3 regions are not overlap largely 
with regions of low-nucleosome density. Despite the differences, plants share 
several similarities with animals. First, H3K27me3 serves as a negative mark for 
gene transcription. Second, it does not associate with heterochromatic marks such 




1.3 Epigenetic mechanisms underlying plant hormone actions 
                                                                                                                                    
To initiate gene transcription or prevent expression of certain genes, plant 
hormone signaling pathways need to overcome higher order chromatin structures, 
which on and off statues manipulate the accessibility of transcription to DNA. 
Gene expression subjects to various chromatin modifications, such as histone 
variants, histone modifications and ATP-dependent chromatin remodeling. 
Enzymes like activation-related histone methyltransferase, cell cycle-mediated 
kinase, histone acetyltransferases, chromatin remodeling complexes and Trithorax 
group proteins are responsible to loosen the interaction of DNA with histones, 
therefore are positive for gene transcription initiation. While, heterochromatin 
associated proteins, Polycomb group proteins, phosphatases and histone 
deacetylases play an opposite role, which inhibits the accession of transcription 
factors to the DNA. Accordingly, these histone modifiers are important regulators 
in plant hormone signaling pathways. 
 
1.3.1 Hormone responses and histone acetylation 
 
Expression of abscisic acid-dependent genes is believed to under histone 
acetylation control. In barley, expression of some of the GCN5-RELATED N-
ACETYLTRANSFERASE (GNAT) family members are abscisic acid inducible. 
More direct evidence comes from Arabidopsis ELONGATOR complex, which is 
for histone acetyl deposition. ELONGATOR mutants show ABA hypersensitive 
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phenotypes, indicating that activation of ABA dependent genes relies on histone 
acetylation at their gene loci. Besides ABA, SHY2/IAA3, gene encodes one 
downstream regulator in auxin signaling pathway, is down-regulated in 
ELONGATOR mutants. Auxin-initiated genes also depend on another chromatin 
remodeling proteins for their expression. PROPORZ1 (PRZ1) is responsible for 
the precise histone acetylation in these gene loci and the mutant of prz1 shows 
impaired auxin effects (Alatzas, 2013; Anzola et al., 2010).                              
 
Histone deacetylases, which antagonize with acetyltransferases, also involve in 
hormone regulation. HISTONE DEACETYLASE 6 (HDA6) is reported to 
participate in ABA and jasmonic acids responses in Arabidopsis. Mutant of 
HDA6, axe1, has decreased level of histone H3 acetylation and shows 
hypoactivities to JA and ABA induction. Its homolog, HDA19, is JA and ethylene 
inducible and responsible for wounding effects as well as pathogen attack. 
Another histone deacetylase, HISTONE DEACETYLASE 2C (HD2C) modulates 
responses to ABA and its expression subjects to ABA feedback loop (Alatzas, 
2013; Wu et al., 2008). 
 
1.3.2 Hormone responses and histone methylation 
 
Two Jumonji domain proteins ELF6 and REF6, which supposed to be histone 
demethylases specific for H3K27me3, regulate the expression of BR responsive 
genes (Yu et al., 2008). The ARABIDOPSIS TRITHORAX 1 (ATX1) adds the 
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active mark histone H3K4me3 to gene loci and participates in ABA signaling 
pathway. atx1 null allele exhibits ABA deficient phenotypes, including larger 
stomatal apertures, lower rates of germination and intolerance to drought stress. 
One target of ATX1 is WRKY70, which encodes a group III WRKY transcription 
factor with opposite expression pattern in JA and salicylic acid treatment, 
indicating that ATX1 involves in wide responses of hormone signaling. SET 
domain proteins usually perform as histone methyltransferases and SDG8/EFS is 
specific for the deposition of H3K36 methylation in Arabidopsis. SDG8 
coordinates with JA and ethylene in activating genes for fugal pathogens defense. 
Its homolog in rice, SDG725, regulates genes with BR responsive expression 
pattern (Alatzas, 2013). 
 
LHP1, Arabidopsis PRC1 component, involves in the regulation of auxin 
biosynthesis and response. Mutant of lhp1 has lower auxin biosynthesis rate, 
which causes reduced auxin level and expression of auxin inducible genes. LHP1 
represses the expression of a number of YUCCA gene family members and 
YUCCAs encodes proteins for auxin biosynthesis (Rizzardi, et al. 2011).  LHP1 
also mediates the crosstalk between auxin and gibberellin in root development by 
protein interaction with SCARECROW (SCR). lhp1 has a similar cortex and 
endodermis development defects as scr, which can be rescued by GA application. 
This process also requires the activity of histone deacetylases, indicating that 
epigenetic regulation is a common mechanism in SCR and GA mediated root 
development (Cui and Benfey, 2009). 
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1.3.3 Hormone responses and ATP-dependent chromatin remodeling 
 
ATP-dependent chromatin remodeling complex affects gene expression by 
changing the structure of nucleosomes. All complexes have an ATPase domain 
which provides energy for the alteration of nucleosome. The connection of DNA 
with histone is loosened by these complexes and thus facilitates the access of 
transcription factors (Alatzas, 2013).  
 
The Switch (SWI)/Sucrose Nonfermenting (SNF)-type chromatin remodeling 
complex is conserved in evolution. Yeast SWI/SNF complex is composed of 
SWP73, SNF5, SWI2/SNF2 ATPase and several SWI3 subunits, all of which own 
homologs in Arabidopsis. Arabidopsis SWI/SNF complexes are reported to be 
involved in several hormones responses.  SPLAYED, the ATPase in SWI/SNF 
complex, deposits to promoter regions of several JA and ethylene responsive 
genes and mediates the hormone elicited expression of these genes. One target of 
SPLAYED is WUSCHEL (WUS), which is the key factor for shoot apical 
meristem cell differentiation. SPLAYED cooperates with several DNA 
methyltransferase, histone methyltransferase, demethylase and acetyltransferase 
for the expression of WUS in responses to auxin and cytokinin. Another SWI/SNF 
complex component, SWI3B, facilitates ABA signaling responses. swi3b shows 
ABA defective effects in seed germination inhibition and SWI3B interacts with 




 Mi-2/NuRD complex is another ATP-dependent chromatin remodeling complex 
and Chromodomain-helicase-DNA-binding protein 3 (CHD3) is the ATPase in 
the complex. Arabidopsis CHD3 homolog PICKLE (PKL) represses the 
expression of LEAFY COTYLEDON 1 (LEC1) in a GA dependent manner in 
embryo development. Later study found that PICKLE regulated embryo 
development and seed germination also requires ABA. pkl has hypersensitive and 
constitutive expression of ABI3 and ABI5 and hypersensitive germination 
responses to ABA (Alatzas, 2013; Perruc et al., 2007).      
                                                                                                                      
Besides above mentioned histone modifications, histone variants, histone 
phosphorylation as well as DNA methylation are also reported to take part in 
hormone regulation. Histone H1 phosphorylation involves in cell cycle 
progression and gibberellin promotes the kinase activity for histone H1 
phosphorylation in deepwater rice. ABA, which plays an antagonistic role in cell 
cycle passage, decreases the level of histone H1 phosphorylation in Arabidopsis. 
Many histone variants are hormone inducible. For example, gibberellin can 
induce the expression leH2B1-3, three histone H2B variants in tomato. JA can 
also activate one histone H2B and one histone H4 variants expression in floral 
buds of hot pepper. Rice GAMyb is a GA inducible gene with a large first intron 
as transcription cis-element, similar to Arabidopsis FLC and AGAMOUS. The 1st 
intron region can be modified by DNA methylation and this modification disrupts 
GA dependent expression pattern of GAMyb and decreases seed germination rate 
(Washio and Morikawa, 2006). 
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1.4 Aim of this study 
 
Ever since the identification of JAZ proteins, it was suspected that JAZ proteins 
cannot repress the transcription of JA-responsive genes alone in the absence of JA. 
More repressors would be needed. NINJA is an adaptor protein in JAZ related 
repressive complex which recruits the corepressors TPL and TPL related proteins 
(TPRs) (Pauwels, et al., 2010). However, whether other repressors are needed in 
this process is largely unknown. On the other hand, gene transcription involves 
chromatin modifications, which loosen the connection between DNA and histones 
and thus specific transcription factors and the RNA Pol II complex can get access 
to the promoter regions of a gene (He et al., 2004). Therefore, JA-related gene 
transcription or inhibition may also need epigenetic regulators. 
 
Animal PcG proteins are reported to take part in a broad range of developmental 
processes, but so far only floral transition and seed development have been 
reported to be under the control of PcG proteins in Arabidopsis (Hennig and 
Derkacheva, 2009). PcG mutants like emf1, emf2, and lhp1, show severe 
developmental defects, which indicates that many functions of PcG proteins are 
uncharacterized in Arabidopsis. 
 
The overall purpose of this study is to look for other components in the JA 
signaling pathway and to identify other biological functions of Arabidopsis PcG 
proteins. It is found that Arabidopsis PcG proteins form a repressive complex 
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with JAZ proteins and act coordinatively with JAZs to inhibit JA-dependent gene 









                                 
 
Materials and Methods 
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2.1 Plant materials 
 
The Columbia (Col) background was used in the study. coi1-1 was a kind gift 
from Dr. John Turner (Norwich, UK) (Xie et al., 1998). pEMF2-EMF2:VENUS 
in emf2 was a kind gift from Dr. Toshiro Ito (TLL, Singapore) (Sun et al., 2014). 
lhp1-96 and lhp1-97 were reported by Sung et al., 2006. All the transgenic plants 
created were in the Col background. 
 
2.2 Plant growth conditions 
 
Seeds of Arabidopsis were first germinated on half strength Murashige and Skoog 
(MS) plates and stored in 4°C for two to three days. 4-day-old seedlings were 
transplanted into soil. Plants were grown at ~22°C in long days condition (16h 
light/ 8h dark) under cool white fluorescence light. 
. 
2.3 Plant transformation 
 
Transgenic plants were created by floral dip method (Clough and Bent, 1998). 
Agrobacterium was cultured in LB liquid medium with certain antibiotics at 30°C 
overnight to reach OD of 2.0 before transformation. Agrobacterium was collected 
through centrifugation at 4000rpm for 20 minutes and cell pellet was resuspended 
in transformation medium (5% sucrose, 0.015% Silwet plus 0.05% MES, pH 5.7).  
Flower buds of Arabidopsis were dipped into the Agrobacterium transformation 
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medium for ~45 seconds, following by 24 hours in dark condition. After that, 
plants were still grown under normal conditions to set seeds. 
 
2.4 Root measurements 
 
To test the responses of lhp1 mutants on JA-related root growth inhibition, root 
length of 9 DAG Col wild type and two lhp1 alleles was measured on the half 
strength MS medium with 1% sucrose, 0.6% agar and 5 µM or 10 µM JA plates 
(Sigma-Aldrich). Two independent biological repeats (10 to 15 seedlings each) 
were measured for each set. Values represent mean ± SD. 
 
2.5 Trichome formation 
 
To measure the trichome density, trichome number of the first pairs of true leaves 
in 9 or 10 DAG seedlings grown on 1/2 MS medium in long days conditions was 
measured. To test the JA response of lhp1 trichome formation, seedlings were 
first grown in soil for 10 days and sprayed with 1µM JA every other day for a 
week. After that, trichome number of the first pairs of true leaves of wild type and 
lhp1 mutants was counted. The trichome number per leaf was used as a consistent 
index of trichome production. Total trichome on the adaxial side was checked 
under dissect microscope. For cryo scanning electron microscopy, fresh plant 




2.6 Pollen germination assay 
 
Mature pollen grains were harvested and cultured in liquid medium containing 
2mM CaCl2, 1.65mM boric acid and 17% sucrose (pH 7.0). Pollen grains were 
cultured under consistent light for 24 hours and checked under light microscope 
(Yuan et al., 2009). 
 
2.7 Plasmid construction 
 
To create plasmids for yeast two hybrid analyses, the coding sequences of BMI 1a, 
BMI 1b, JAZ1, JAZ2, JAZ3, JAZ4, JAZ5, JAZ6, JAZ7, JAZ8, JAZ9, JAZ10, JAZ11, 
JAZ12, LHP1, MYB26, NINJA and JAZ1 fragment, JAZ3 fragment, JAZ6 
fragment, JAZ8 fragments, JAZ9 fragment, LHP1 fragments were first amplified 
from Col wild type cDNA and cloned into pGADT7 and/or pGBKT7 vectors 
(Clontech), the coding sequences and fragments were in frame with GAL4 DNA 
binding domain (BD) or GAL4 activation (AD). 
 
To generate the construct for GST:BMI1a fusion sequence, the coding sequence 
of BMI1a without ATG start codon was first amplified from Columbia wild type 
cDNA and cloned into pGEX-4T-1 vector (GE Healthcare). The coding sequence 




To generate construct for GST:JAZ8-EAR fusion sequence, the coding region of 
JAZ8-EAR fragment was first amplified from Columbia wild type cDNA and 
cloned into pGEX-4T-1 vector (GE Healthcare). The coding sequence was in 
frame with Glutathione S-Transferase coding sequence. 
 
To generate construct for GST:MYB26 fusion sequence, the coding sequence of 
MYB26 without ATG start codon was first amplified from Columbia wild type 
cDNA and cloned into pGEX-4T-1 vector (GE Healthcare). The coding sequence 
was in frame with Glutathione S-Transferase coding sequence. 
 
To overexpress MYB26, MYB26 coding sequence with 10 base pairs upstream of 
the start codon ATG was first amplified from Columbia wild type cDNA and 
cloned into pENTR4 vector (Invitrogen). Subsequently, the full length of MYB26 
was inserted into the downstream region of the 35S promoter in the pB2GW7 
vector (Karimi et al., 2002) by using the LR recombination reaction (Invitrogen). 
 
For JAZ4:FLAG construction, full length JAZ4 coding sequence with 10 base 
pairs upstream of the start codon ATG but without the stop codon was first 
amplified from Columbia wild type cDNA and fused in frame with a FLAG tag 
(three copies) in pPZPY112 vector (Hajdukiewcz et al., 1994; Hou et al., 2010). 
 
For JAZ5:HA construction, full length JAZ5 coding sequence with 10 base pairs 
upstream of the start codon ATG but without the stop codon was first PCR 
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amplified from Columbia wild type cDNA and fused in frame with a HA tag 
(three copies) in pENTR4 vector. Then JAZ5:HA fragment was inserted into 
downstream region of the 35S promoter in the pB2GW7 vector by using the LR 
recombination reaction. 
 
For pLHP1-LHP1:EGFP construction, genomic fragment of LHP1 without the 
stop codon was first PCR amplified from Columbia wild type DNA and fused in 
frame with a EGFP sequence in pENTR4 vector. Then pLHP1-LHP1:EGFP 
fragment was inserted into pBGW vector by using the LR recombination reaction 
(Karimi et al., 2002). 
 
For pNINJA-NINJA:FLAG construction, genomic fragment of NINJA without the 
stop codon was first PCR amplified from Columbia wild type DNA and fused in 
frame with a FLAG tag (three copies) in pENTR4 vector (Invitrogen). Then 
pNINJA-NINJA:FLAG was inserted into the pHGW vector by using the LR 
recombination reaction (Karimi et al., 2005). Primers used for plasmids 
construction are listed in Table 1. 
Table1. Sequences of primers used for plasmid construction 
Constructs Sequences 
BD:BMI1a fusion 5' GGAAGGAGACATGGTGGCTAAAGTG 3' 
 5' GCGGTCGACGTTGTTGCATTCAGGGAGCTTCC 3 
BD:BMI1b fusion 5' GCG GAATTC ATGATTAAGGTGAAGAAGGAGACGATGA 3' 
 5' GCA GGATCC ATGTTGCACTCTGGTAGCTTCCGA 3' 
AD:JAZ1fusion 5' GCGGAATTCTCGAGTTCTATGGAATGTTCTGAGTTC 3' 
 5' GACGGATCCCATATTTCAGCTGCTAAACCGAGC 3' 
AD:JAZ2 fusion 5' GCGAATTCTCGAGTTTTTCTGCCGAGTGTTG 3' 
 5' GTCGGATCCTTACCGTGAACTGAGCCAAGCTG 3' 
AD:-JAZ3 fusion 5' CGGGAATTCGGAGAGAGATTTTCTCGGGTTGG 3' 
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 5' GTCCTCGAGTTAGGTTGCAGAGCTGAGAGAAGAACT 3' 
AD:JAZ4 fusion 5' GCGGAATTCGAGAGAGATTTTCTCGGGCTGGG 3' 
 5' GTCCTCGAGTTAGTGCAGATGATGAGCTGGAGGA 3' 
AD:JAZ5 fusion 5' GCGGAATTCTCGTCGAGCAATGAAAATGCTAAG 3' 
 5' GTCGGATCCCTATAGCCTTAGATCGAGATCTTTCGAAC 3' 
AD:JAZ6 fusion 5' GGGATCGATTGTCAACGGGACAAGCGCC 3' 
 5' GCTCTCGAGGCTTGAGTTCAAGGTTTTTGGAAGATTG 3' 
AD:JAZ7 fusion 5' CGGGAATTCATCATCATCATCAAAAACTGCGACAAGC 3' 
 5' GTCCTCGAGCTATCGGTAACGGTGGTAAGGGGA 3' 
AD:JAZ8 fusion 5' CGAGCATATGAAGCTACAGCAAAATTGTGACTTGG 3' 
 5' GTCCTCGAGTTATCGTCGTGAATGGTACGGTG 3' 





AD:JAZ10 fusion 5' GCGGAATTCTCGAAAGCTACCATAGAACTCGATTTC 3' 
 5' GCTGGATCCTTAGGCCGATGTCGGATAGTAAGG 3' 
AD:JAZ11 fusion 5' GCGGAATTCGCTGAGGTAAACGGAGATTTCCC 3' 
 5' GTCGGATCCTCATGTCACAATGGGGCTGGT 3' 
AD:JAZ12 fusion 5' GTCACATATGACTAAGGTGAAAGATGAGCCACG 3' 
 5' GCTGGATCCCTAAGCAGTTGGAAATTCCTCCTTG 3' 
BD:LHP1 fusion 5' GCGACATATGAAAGGGGCAAGTGGTGCTGTTAAG 3' 
 5' GTCCTCGAGTTAAGGCGTTCGATTGTACTTGAGATG 3' 
AD:MYB26 fusion 5' GCGGAATTCGGTCATCACTCATGCTGCAACAAG 3' 
 5' GCGGGATCCAGTTATGACGTACTGTCCACAAGAGATT 3' 
BD:NINJA fusion 5' CGGGAATTCGACGATGATAATGGGCTCGAGCT 3' 
 5' GCGGTCGACTCAGGTGTGAGCTGACGCTGC 3' 
AD:JAZ1-fragment fusion 5' CGGGAATTCGGTAGCTTTGGAGATCTGAGCTTAGG 3' 
 5' GCTGGATCCTTTGGCTGGATCGCATAATTGGTATG 3' 
AD:JAZ3-fragment fusion 5' GCCGAATTCCAGGGAGTGAGGATGTTCCCTAAT 3' 
 5' GACCTCGAGCATTACATTGGTAGAACAAGAAACTGGTA 3' 
AD:JAZ6-fragment fusion 5' CGGGAATTCGGAAGTTTTGGGAATATTAATATGGGGTTG 3' 
 5' CAGCTCGAGTACCGTGTTGGTTCACTTGATATGGA 3' 
AD:JAZ8-N fusion 5' CGAGCATATGAAGCTACAGCAAAATTGTGACTTGG 3' 
 5' CAGCTCGAGGGATGACTTGGTTTTCATTTCTCTGC 3' 
AD:JAZ8-EAR fusion 5' CGAGCATATGAAGCTACAGCAAAATTGTGACTTGG 3' 
  5' GTCCTCGAGTTGAGATTCTTCATTTGGTTGTGGAT 3' 
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Table 1. (continued) 
AD:JAZ8-ZIM fusion 5' CCTGCATATGAATCCACAACCAAATGAAGAATCTCAA 3' 
 5' GGATGACTTGGTTTTCATTTCTCTGC 3' 
AD:JAZ9-fragment fusion 5' GCGGAATTCTCAGATTTCCAGGAGGCTAAGGC 3' 
 5' CGAGGATCCATCAAGAAGCATCTTCTTGTATGGCAT 3' 
AD:LHP1-C fusion 5' GCGACATATGGAAGGTGGGCAAGAGGAAAGGC 3' 
 3' GTCCTCGAGTTAAGGCGTTCGATTGTACTTGAGATG 3' 
GST:BMI1a fusion 5' GCAGGATCCGAAGGAGACATGGTGGCTAAAGTGAA 3' 
 5' GCGGTCGACTTAGTTGTTGCATTCAGGGAGCTTC 3' 
GST:JAZ8-EAR fusion 5' GCAGGATCCAAGCTACAGCAAAATTGTGACTTGG 3' 
 5' GTCCTCGAGTTGAGATTCTTCATTTGGTTGTGGAT 3' 








JAZ4:FLAG fusion 5' GCGTCTAGAGATTGATAAGCCTGATGGAGAGAGAT 3' 
 5' GCGGGTACCGTGCAGATGATGAGCTGGAGG 3' 
JAZ5:HA fusion 5' GCTGGATCCATAAACAACAACATGTCGTCGAGC 3' 
 5' GACCTCGAGTAGCCTTAGATCGAGATCTTTCGAAC 3' 
LHP1:GFP fusion 5' GGCGTCGACTGGTTGTGTTTTGCATTCCCTAAGA 3' 




  5' CGGGAATTCGGTGTGAGCTGACGCTGCA 3' 
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2.8 RNA expression analysis 
 
Trizol (Sigma) or RNeasy mini kit (Qiagen) were used to extract total RNA 
following the manufactures' instructions. Total RNA (2 µg per reaction) was 
reverse-transcribed into cDNA using oligo dT primer and Moloney Murine 
Leukemia Virus Reverse Transcriptase (M-MLV RT) (Promega). 
 
Real-time quantitative PCR was used to analyze gene expression. PCR was 
performed in ABI Prism 7900HT sequence detection system with SYBR Green 
PCR master mix (Fermentas). Each sample was operated in triplicates. PCR 
program was set as: 50 °C (2 min), 95 °C (10 min), and 40 cycles of 95 °C (15s) 
and 60 °C (60s). Melting curve was analysed to check the specificity of amplified 
products. The relative RNA expression levels were normalized to TUB2 and 
AT5G15710 following 2-∆∆Ct method (Livak and Schmittgen, 2001). Primers for 
RNA expression analyses are listed in Table 2. 
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Table 2. Sequences of primers used for RT-PCR.  
Amplified 
regions Sequences 
AT1G54020 5' TGGATCTCCAAAAGATTCTTTGGCTCT 3' 
 5' CTAGCTCCAGATGAATACAACAAGTTGATA 3' 
AT2G38240 5' GGAGCGTGGCGAGAGTTCTT 3' 
 5' TGGAAGAAGGCAAGTAATTGAGGAAG 3' 
GNAT 5' CTCCAACCGCAGCACCAGAG 3' 
 5' AGCGTGGAGGCAAGACCAGA 3' 
JAL23 5' TTCCTACTCCGACTCCTATAATTCCAG 3' 
 5' GTCCTACAAGTATCTTCCTTACACCATC 3' 
JAZ10 5' CGTCGTAGTTTCCGAGATATTCAAGGT 3' 
 5' GAAACGAGTTCGGTACTAGACCTGG 3' 
JMT 5' CCAAGAACTCCACCGCTCAGA 3' 
 5' CCTAAGTCGGCGATTCCAATGC 3' 
JRG21 5' AGTCCGTGTCCAATCCTTATCTGAA 3' 
 5' TTGTAGAGTTAGGTCGTCCGTGTAT 3' 
LOX2 5' TTCATGGTTACGAGACGACGAGTT 3' 
 5' ACAATTTCCCAAGTAATGAGTGAGGTG 3' 
VSP2 5' CGTCGATTCGAAAACCATCT 3' 
 5' GGCACCGTGTCGAAGTCTAT 3' 
AT5G15710  5' TTTCGGCTGAGAGGTTCGAGT 3' 
 5' GATTCCAAGACGTAAAGCAGATCAA 3' 
TUB2 5’ ATCCGTGAAGAGTACCCAGAT 3’ 





2.9 Recombinant protein expression and purification from E. coli 
 
E. coli BL21 cells harboring the fusion sequences pGEX-4T-1 vectors were 
cultured in 3 ml LB liquid medium with ampicillin overnight, followed by 
subcultured in 50ml LB medium at 37°C to reach the OD600nm of 0.5. IPTG was 
then added in the medium with a final concentration of 0.2 mM and bacterium 
was cultured at 30°C to induce the recombinant protein. After four hours, cells 
were collected at 4,000 rcf 15 minutes and resuspended in phosphate buffered 
saline (PBS) buffer for sonication. Cell lysate was centrifuged at maximum speed 
in 4°C and the supernatant was transferred to another tube. Glutathione-linked 
beads (Sigma-Aldrich) were added to the supernatant and mixed at 4°C for 2 
hours, following by 3 times washes with PBS buffer. Beads were eluted with 
elution buffer (100mM reduced glutathione (Sigma-Aldrich) in 50mM Tris-HCl 
pH9.0) to release the recombinant protein. 
                                                                                                                                 
2.10 Protein pull-down assay 
 
For in vitro protein pull-down assay of the interaction between BMI1a and NINJA, 
GST and GST:BMI1a fusion proteins were first expressed in E. coli and extracted 
in PBS buffer as described in 2.7. PBS buffer with GST or GST:BMI1a were 
mixed with equal amount of glutathione-linked resins for 1 hour and washed with 
PBS buffer briefly for three times. 10-day-old transgenic seedlings expressing 
NINJA:FLAG fusion protein were harvested and grounded in liquid nitrogen. 
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Total proteins were extracted in protein extraction buffer (50mM Tris-HCl pH7.4, 
100mM NaCl, 10% glycerol, 0.1% NP-40, 1mM phenylmethylsulfonyl fluoride, 
1× Roche protease inhibitors) and mixed with glutathione-linked resins attached 
with GST or GST:BMI1a for 6 hours, followed by washing and boiling in 2× 
SDS-PAGE loading buffer. Signal was detected by western blot with anti-FLAG 
antibody (Sigma). 
 
The same procedure was applied to detect the protein interaction between JAZ8-
EAR fragment and LHP1 and MYB26 with JAZ5. anti-HA antibody (Sigma) and 
anti-GFP antibody (Invitrogen) antibodies were used for the western blot 
detection, respectively. 
                                                                                  
2.11 Co-immunoprecipitation 
 
10-day-old seedlings were used for the Co-immunoprecipitation (Co-IP) assays. 
Seedlings were treated with 10 µM MG132 for 6 hours before harvest. ~0.5g 
materials were grounded in liquid nitrogen and powders were solved in 1ml 
protein extraction buffer. Extracts were mixed with anti-FLAG M2 affinity gel 
(Sigma) and incubated in 4°C for 6 hours. After that, anti-FLAG M2 affinity gel 
was washed with washing buffer for three times (50mM Tris-HCl pH7.4, 100mM 
NaCl, 10% glycerol, 1mM phenylmethylsulfonyl fluoride, and 1× Roche protease 
inhibitor) and collected by centrifugation at low speed. Collected beads were 
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boiled in 2× SDS-PAGE loading buffer and signals were detected by western blot 
with anti-FLAG antibody, anti-GFP antibody. 
 
2.12 Yeast two-hybrid analysis 
 
Protein interactions tested by yeast were conducted following the Matchmarker 
GAL4 Two-Hybrid System User Manual with yeast strain AH109 from Clontech. 
Synthetic media without adenine, histidine, tryptophan and leucine were used to 











PcG proteins function in coordination with 




3.1 Introduction  
 
PcG proteins are well characterized repressive epigenetic regulators. They can be 
recruited to the target gene loci by specific transcription factors or ncRNAs.  
PRC2 adds the repressive mark, histone H3K27me3, to the targets, while PRC1 
maintains this mark and deposits another mark, histone H2Aub. In Arabidopsis, 
PRC2 components are conversed and they participate in floral transition, 
vernalization and seed development. However, components and functions of 
PRC1 are not well explored. LHP1 is supposed to be one candidate and its 
function is to maintain histone H3K27me3 (Hennig and Derkacheva, 2009). PcG 
mutants show various phenotypes, which indicates that plant PcG proteins involve 
in a broad range of developmental and growth processes. Therefore, additional 
functions of PcG proteins need to be identified. 
 
On the other hand, transcription initiation or inhibition often needs chromatin 
modifications. It is expected that hormone-induced transcription alteration also 
involves epigenetic regulation. In JA signaling pathway, the main suppressors 
JAZ proteins are reported to recruit other co-factors in gene silencing (Pauwels et 
al., 2010). Therefore, JAZ proteins may also recruits some epigenetic regulators 
to repress JA-responsive genes in the absence of the hormone. 
 
In this chapter, association of JAZs with PcG proteins will be shown. In section 
3.2, protein interactions of JAZs, NINJA with PcG proteins will be presented and 
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verified by different methods. Section 3.3 will explain the biological function of 
PcG proteins in JA signaling pathway, with that LHP1 be a main focus. In section 
3.4, the molecular mechanism of how PcG proteins repress JA-dependent genes 
will be discussed.  
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Unlike PRC2 complex, the components and functions of Arabidopsis PRC1 
complex are not well characterized, which is mainly due to the lack of sequence 
conservation. So far, one candidate of plant PRC1 component is LHP1, which 
binds to the repressive mark, histone H3K27me3, and maintains the repressive 
states in gene loci (Turck et al., 2007). One function of LHP1 is to maintain the 
depressed state of FLC after vernalization (Sung et al., 2006). However, genome-
wide ChIP-chip study revealed that thousands of genes are under the control of 
LHP1 and deposited by histone H3K27me3, which indicates that LHP1 involves 
in more developmental processes (Turck et al., 2007). Other proteins like EMF1, 
BMI1a, BMI1b, AtRing1a, and AtRing1b are supposed to be PRC1 components 
and control meristem identity and embryonic development (Bratzel et al., 2010; 
Sanchez-Pulido et al., 2008). Therefore, additional biological functions and 
partners of PRC1 need to be identified. In this part, interactions between PRC1 
components and JAZs will be described and it is found that JAZs associate with 






3.2.2.1 LHP1 interacts with JAZ proteins 
 
We engaged a commercial company to screen LHP1-interacting partners by Y2H. 
Among the candidates, we picked up one JAZ fragment for further verification 
and studies. 
 
JAZ family members were cloned into pGADT7 and the protein interactions with 
LHP1 were checked by yeast two hybrid assays. It was found that LHP1 can 
interact with full length proteins of JAZ4, JAZ8 and JAZ10 on SD4- medium 
(Figure 3). For other JAZ members, a fragment (see the schematic drawing in 
Figure 4A) was then cloned into pGADT7 and it was found that fragments of 
JAZ1, JAZ3, JAZ6 and JAZ9 can also interact with LHP1 by yeast assays (Figure 
4B). Therefore, LHP1 can interact with a number of JAZs proteins in yeast two 
hybrid analyses.  
 
To further verify these interactions, Co-IP assay was done to confirm one pair of 
the interaction, JAZ4 with LHP1. MG132 was applied to prevent the turnover of 
JAZ proteins before protein extraction and JAZ4:FLAG (overexpressed) was 
precipitated by FLAG M2 beads 6 hours after MG132 treatment. It is found that 
the native promoter-driven LHP1:GFP fusion protein can be precipitated by 
JAZ4:FLAG, which indicates that LHP1 can interact with JAZ proteins in vivo 
(Figure 5).  
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Previously it has been shown that 10 out of the 12 JAZ proteins can interact with 
the adaptor protein NINJA, but JAZ7 and JAZ8 cannot (Pauwels et al., 2010). 
However, it was reported that JAZ8 has an extra EAR motif (9-13aa) to interact 
with TPL directly (Shyu et al., 2012). To find out if JAZ8 can directly interact 
with LHP1 through its EAR motif, JAZ8 was divided into different fragments and 
these fragments were cloned into pGADT7. It was found that LHP1 interacted 
with JAZ8 N terminus with the EAR (1-44aa) motif but not the fragment with 
ZIM domain (39-81aa) (Figure 6). This interaction was also verified by pulldown 
assay, GST:JAZ8-EAR expressed from E. coli can precipitate LHP1:GFP (Figure 
7).  Taken together, JAZ proteins can interact with plant PRC1 component LHP1 






Figure 3. LHP1 and JAZs interactions in yeast. 
JAZs and LHP1 full-length sequences were fused with the GAL4 AD and BD 
domain sequences, respectively. Yeast cells containing these fusion sequences, 
AD or BD, as indicated, were tested on the synthetic media lacking of Ade, His, 
Leu and Trp. 
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A            
                  
JAZ1         ---GSFGDLS LGMACKPDVN GTLGNSRQPT TTMSLFPCEA SNMDSMVQDV KPTNLFPRQP  
JAZ3         QGVRMFPNSN QHEETNAVS- -------MSM PGFQSHHYAP GGRSFMNNNN NSQPLVGVPI  
JAZ6         --KGSFGNIN MGLARKSDL- -------ELA GKFDLKGQQN VIKKVETSET RPFKLIQKFS  
JAZ9         --SSDFQEAK AFPGAYQWG- --------SV SAANVFRRCQ FGGAFQN--- ATPLLLGGSV  
 
              
JAZ1         SFSSSSSSLP KEDVLKMTQT TRSVKPESQT APLTIFYAGQ VIVFNDFSAE KAKEVINLAS  
JAZ3         MAPPISILPP PGSIVGTTDI RSSSKPIGSP AQLTIFYAGS VCVYDDISPE KAKAIMLLAG  
JAZ6         IGEASTSTED KAIYIDLSEP AK-VAPESGN SQLTIFFGGK VMVFNEFPED KAKEIMEVAK  
JAZ9         PLPTHPSLVP R--------- ---VASSGSS PQLTIFYGGT ISVFNDISPD KAQAIMLCAG  
 
              
JAZ1         K------GTA NSLAKNQTDI RSNIATIA-- ----NQVP-- -HPRKTTTQE PIQSSP----  
JAZ3         N------GSS MPQVFSPPQT HQQVVHHTRA SVDSSAMPPS FMPTISYLSP EAGSSTNGLG  
JAZ6         E------ANH VAVDSKNSQS HMNLDKSN-- ----VVIPDL NEPTSSGNNE DQETGQ----  
JAZ9         NGLKGETGDS KPVREAERMY GKQIHNTAAT SSSSATHTDN FSRCRDTPVA ATNAMSMIES  
 
              
JAZ1         ---------- ---------- ---------- -----TPLTE LPIARRASLH RFLEKRKDRV  
JAZ3         ATKATRGLTS TYHNNQANGS NINCPVPVSC STNVMAPTVA LPLARKASLA RFLEKRKERV  
JAZ6         ---------- ---------- ---------- -----QHQVV ERIARRASLH RFFAKRKDRA  
JAZ9         FNAAPR---- ---------- ---------- -----NMIPS VPQARKASLA RFLEKRKERL  
 
              
JAZ1         TSKAPYQLCD PAK------- ----- 
JAZ3         TSVSPYCLDK KSSTDCRRSM SECIS 
JAZ6         VARAPYQVNQ HGS------- ----- 
JAZ9         MSAMPYKKML LD-------- ----- 
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Figure 4. LHP1 and JAZs fragment protein interactions in yeast. 
(A) Protein sequence alignment of JAZ1, JAZ3, JAZ6 and JAZ9 fragments. Red 
letters are ZIM domain and green letters are JAS domain. 
(B) Fragments of JAZ1, JAZ3, JAZ6 and JAZ9 as indicated in (A) and LHP1 full-
length sequences were fused with the GAL4 AD and BD domain sequences, 
respectively. Yeast cells containing these fusion sequences, AD or BD, as 





Figure 5. In vivo assay of protein interaction between JAZ4 and LHP1 by 
Co-IP assay. 
Total protein extracts from pLHP1-LHP1:GFP in lhp1 (negative control) and 
pLHP1-LHP1:GFP in lhp1; p35S-JAZ4:FLAG seedlings were 
immunoprecipitated by anti-FLAG agarose. Immunoprecipitates were analyzed 





Figure 6. LHP1 and JAZ8 interactions in yeast. 
(A) JAZ8 protein structure. Domains are represented by filled boxes. 
(B) JAZ8 fragments and full-length LHP1 sequences were fused with the GAL4 
AD and BD domains sequences, respectively. Yeast cells containing these fusion 
sequences, AD or BD, as indicated, were tested on the synthetic media lacking of 






Figure 7. LHP1 interacts with JAZ8-EAR motif. 
GST:JAZ8-EAR pull-down of LHP1:GFP. Equal amounts of the bacteria extract 
containing GST or GST:JAZ8-EAR were incubated with the plant extract with 
LHP1:GFP. Proteins were recovered using glutathione-linked resins and analyzed 
by immunoblotting with anti-GFP antibody. The Input was LHP1:GFP extract 




3.2.2.2 LHP1 interacts with the adaptor protein NINJA 
 
NINJA is identified as the partner of JAZs, which contains an EAR motif and 
recruits TPL to form a repressive complex in JA signaling pathway (Pauwels, et 
al., 2010). Since LHP1 can interact with the EAR motif of JAZ8 and other JAZ 
proteins, it was suspected that LHP1 may also associate with NINJA and forms a 
protein complex with NINA and JAZs.  
 
It was found that LHP1 can interact with NINJA and this interaction is through its 
chromo shadow domain at C terminus (Figure 8). The interaction was further 
verified by in vivo Co-IP assay. Native-promoter-driven NINJA:FLAG was 
enriched by FLAG M2 beads for 6 hours and LHP1:GFP was detected by western 
blot. It was found that NINJA can precipitate LHP1 and they formed a complex in 
vivo (Figure 9). 
 
Above all, yeast and Co-IP experiments suggest that LHP1 forms a protein 
complex with JAZs directly or indirectly through NINJA. NINJA is reported to 
interacted with 10 JAZ proteins expect JAZ7 and JAZ8. Our study found that 
LHP1 can interact with JAZ8, which indicates that 11 JAZs can form the protein 




Figure 8. LHP1 and NINJA interactions in yeast. 
Full-length LHP1, NINJA and LHP1 fragment sequences were fused with the 
GAL4 AD and BD domain sequences, respectively. Yeast cells containing these 
fusion sequences, AD or BD, as indicated, were tested on the synthetic media 





Figure 9. In vivo assay of protein interaction between NINJA and LHP1 by 
Co-IP assay. 
Total protein extracts from pLHP1-LHP1:GFP in lhp1 (negative control) and 
pLHP1-LHP1:GFP in lhp1; pNINJA-NINJA:FLAG seedlings were 
immunoprecipitated using anti-FLAG agarose. Immunoprecipitates were analyzed 
by western blot with anti-FLAG and anti-GFP.  
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3.2.2.3 Arabidopsis PcG components interact with JAZs 
 
 Since LHP1 can interact with JAZs and NINJA, it was suspected that other PcG 
proteins may also interact with JAZs and participate in the repression of JA-
responsive genes.  
 
The whole JAZ family members were tested for the interaction with EMF1 by 
yeast assay on the SD4- medium. It was found that JAZ1 and JAZ11 can interact 
with EMF1 on SD4- (Figure 10). Besides that, EMF1 can also interact with JAZ3 




Figure 10. EMF1 and JAZs interactions in yeast. 
JAZs and EMF1 full-length sequences were fused with the GAL4 AD and BD 
domain sequences, respectively. Yeast cells containing these fusion sequences, 
AD or BD, as indicated, were tested on the synthetic media lacking of Ade, His, 





Figure 11. EMF1 and JAZs fragment interactions in yeast. 
Fragments of JAZ3 and JAZ9 and EMF1 full-length sequences were fused with 
the GAL4 AD and BD domain sequences, respectively. Yeast cells containing 
these fusion sequences, AD or BD, as indicated, were tested on the synthetic 




JAZ4 and JAZ8 were picked up to further test the interactions with other PcG 
proteins in yeast. It was found that JAZ4 can interact with the PRC2 components 
MSI1, EMF2 and FIE on SD4- medium (Figure 12). While for JAZ8, one PRC1 
component BMI1a and two PRC2 members MSI1 and EMF2 were the partners on 
SD4- (Figure 13). One pair of the interaction, JAZ4 with EMF2, was further 
verified by in vivo Co-IP assay. As described before, samples were treated with 
MG132 before protein extraction. It was found that native-promoter-driven 
EMF2:VENUS can be detected by western blot in the pulldown products of 




Figure 12. JAZ4 and PcG interactions in yeast. 
Full-length JAZ4, BMI1a, BMI1b, CLF, MSI1, EMF2, VRN2 and FIE sequences 
were fused with the GAL4 AD and BD domain sequences. Yeast cells containing 
these fusion sequences, AD or BD, as indicated, were tested on the synthetic 





Figure 13. JAZ8 and PcG interactions in yeast. 
Full-length JAZ8, BMI1a, BMI1b, CLF, MSI1, EMF2, VRN2 and FIE sequences 
were fused with the GAL4 AD and BD domain sequences. Yeast cells containing 
these fusion sequences, AD or BD, as indicated, were tested on the synthetic 





Figure 14. In vivo assay of protein interaction between JAZ4 and EMF2 by 
Co-IP assay. 
Total protein extracts from pEMF2-EMF2:VENUS in emf2 (negative control) and 
pEMF2-EMF2:VENUS; p35S-JAZ4:FLAG seedlings were immunoprecipitated 
by anti-FLAG agarose. Immunoprecipitates were analyzed by western blot with 
anti-FLAG and anti-GFP. 
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For NINJA, although no interactions of NINJA with any of the PcG proteins were 
detected by yeast two hybrid assays; it can interact with BMI1a by pull-down 
experiment (Figure 15). The full-length GST:BMI1a protein expressed from E. 
coli can precipitate NINJA:FLAG expressed from plants. 
 
Therefore, above interaction tests suggest broad connections between JAZs and 
PcG proteins both in vivo and in vitro. Both JAZs and PcG proteins act as 
transcriptional repressors and the protein interactions indicate that JAZs may act 





Figure 15. NINJA interacts with BMI1a. 
GST:BMI1a pull-down NINJA:FLAG. Equal amounts of the bacteria extract 
containing GST or GST:BMI1a were incubated with the plant extract with 
NINJA:FLAG. Proteins were recovered using glutathione-linked resins and 
analyzed by immunoblotting with anti-FLAG antibody. The Input was 
NINJA:FLAG extract used in the pull-down assays.  
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3.3 LHP1 acts as a repressor in JA signaling pathway 
 
3.3.1 Introduction  
 
JA is involved in a wide range of developmental processes and defense to biotic 
and abiotic responses, ranging from root growth, floral development, trichome 
formation, and anthocyanin accumulation (Wasternack, 2007). JA resistant or 
deficient mutants, coi1, opr3, and aos, show male sterile, resistant to JA initiated 
root growth inhibition, low density of trichome (Wasternack, 2007; Yoshida et al., 
2009). Other mutants in JA signaling pathway, like myc2, JAZ1Δ3A, jai3 
dominant mutants have similar phenotypes (Chini et al., 2007; Thines et al., 2007). 
Single jaz loss-of-function mutant has no obvious phenotypes, which is mainly 
due to the homolog redundancy (Thines et al., 2007). Transgenic plants with 
overexpressed NINJA have less reduction in JA mediated root growth inhibition, 
while knockdown of NINJA causes hypersensitivity to JA, which demonstrates 
the repressive role of NINJA in JA signaling pathway (Pauwels et al., 2010).  
 
In Section 3.2, it has been found that PcG proteins can be associated with JAZs 
through direct protein interactions. One of the PRC1 components, LHP1, can 
interact with 11 out of 12 JAZs directly or indirectly via NINJA. In Section 3.3, 
the biological function of LHP1 in the JA signaling pathway will be described. It 
is found that lhp1 mutants display hypersensitivity to JA inhibition of root growth 
and higher density of trichome with or without JA treatment. Meanwhile, lhp1 can 
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partially rescue the male sterility and low density of coi1-1 in the double mutant 





3.3.2.1 lhp1 shows hypersensitivity to JA inhibition of root growth 
 
To find out the biological function of LHP1 in JA signaling pathway, seeds of two 
lhp1 alleles, lhp1-96 and lhp1-97, were germinated on half strength MS plates 
with 1% sucrose and JA. Two lhp1 alleles showed the same enhanced effects of 
JA inhibition on root growth (Figure 16). 9-DAG seedlings of the two alleles had 
around 46% and 60% reduction of root length in 5 µM and 10 µM JA plates, 
respectively, compared with 38% and 54% of wild type (Figure 17). The JA 
hypersensitive phenotype of lhp1 in root growth indicates that LHP1 acts as a 




Figure 16. lhp1 mutants show hypersensitive to exogenous JA in root growth. 
Col (wild type) and lhp1 mutants were grown on half strength MS medium with 
1% sucrose without or with 5 µM or 10 µM JA for 9 days. Two represented 
seedlings were shown for each line. From left to right: Col (wild type), lhp1-96 
and lhp1-97. (A) Plants grown on plates without JA. (B) Plants grown on plates 




Figure 17. lhp1 mutant root growth shows more reduction in JA media. 
Average primary root lengths of 9-day-old seedlings grown on mock, 5 and 10 
µM JA were shown. Percentage shows the root reduction compared with the root 
length on mock plates. Values are mean ± SD of 12 plants of each line. 
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3.3.2.2 lhp1 can partially rescue the male sterility of coi1 in the double 
mutant of coi1-1;lhp1-96 
 
Protein interactions and the enhanced root growth inhibition of lhp1 mutants all 
indicate that LHP1 works with JAZs as the repressor in JA signaling pathway. To 
further demonstrate this hypothesis, double mutant of coi1-1;lhp1-96 was created. 
coi1-1 shows male sterility and the mutant cannot perceive JA. Therefore, JA 
responsive gene cannot be activated in coi1 mutant in the presence of the 
hormone. If LHP1 were the repressor in JA signaling pathway, the repressed 
genes in coi1-1 could be de-repressed in the double mutant coi1-1;lhp1-96. 
Therefore, lhp1 may rescue the JA deficient phenotypes of coi1. 
 
It was found that lhp1 can partially rescue the male sterility of coi1 in the double 
mutant of coi1-1;lhp1-96 (Figure 18). Flowers at the terminal ends of the braches 
were self-fertilized in the double mutant, while all the flowers were male sterile in 
coi1-1. However, the majority of the siliques cannot produce mature seeds, which 
indicates that lhp1 can only partially rescue the sterility of coi1 and JA may also 





Figure 18. lhp1 can partially rescue the male sterility of coi1 in coi1-1;lhp1-96. 
(A) Flowers at the branch terminals can be self-fertilized in coi1-1;lhp1-96 double 
mutant. Bar indicates 0.5cm. 
(B) Flowers at the branch terminals of coi1-1 cannot be self-fertilized. Bar 
indicates 1cm. 
(C) – (D) close look at unopened and opened siliques of double mutant. Bars 
indicate 2mm and 1mm, respectively. 
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One reason for the coi1-1 male sterility is the lack of viable pollen grains 
(Wasternack, 2007). To further demonstrate that lhp1 can partially rescue the 
male sterility of coi1 in the double mutant of coi1-1;lhp1-96,  pollen grains from 
Col, lhp1-96, coi1-1 and the double mutant were cultured in a pollen-grain 
germination medium under consistent light for 24 hours. It was found that wild 
type pollen grains had a germination rate of 90% and lhp1-96 was up to 80%. 
While none of the coi1-1 pollen grain produced pollen tubes, pollen grains of the 
double mutant had a germination rate of 10% (Figure 19). This further 
demonstrates that lhp1 can partially rescue the male sterility of coi1 and LHP1 is 




Figure 19. Pollen grain germination rates of Col, lhp1-96, coi1-1 and coi1-
1;lhp1-96. 
Pollen grains were released manually and cultured in a pollen-germination 
medium under consistent light for 24 hours. Pollen germination rates were 
checked under microscope. 
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3.3.2.3 lhp1 has a higher trichome density and the double mutant of coi1-
1;lhp1-96 has more trichome than coi1-1 
 
Performing as the defense system, the density of trichome can be induced by JA 
or herbivore attack (Myers and Bazely, 1991). To demonstrate the repressive role 
of LHP1 in JA transduction pathway, the trichome number of Col and two lhp1 
alleles were counted. The 1st pairs of true leaves in 9-DAG seedlings were picked 
up and trichome number was counted under microscope. It was found that lhp1 
mutants had an increased trichome density than wild type (Figure 20). The two 
alleles produced about 18 trichomes per leaf, while wild type only had around 14.  
 
In addition, to examine whether the higher trichome density in lhp1 mutant leaves 
are JA related, 10-DAG Col and lhp1 seedlings were grown in soil and prayed 
with 1µM JA every other days for another week. As it was shown, the first pairs 
of lhp1 had more increases in trichome number than wild type (Figure 21). Thus, 




Figure 20. lhp1 has more  trichome than wild type in the 1st pairs of true 
leaves in 9DAG seedlings. 
(A) Images of trichome in Col (wild type) and lhp1-96 plants. The first pairs true 
leaves were chosen to observe trichomes using a scanning electron microscope. 
(B) Total trichome number in the 1st pair of true leaves described in (A). Error 




Figure 21. LHP1 involves in JA-regulated trichome formation. 
Total trichome number in the 1st pair of true leaves in Col (wild type) and lhp1 JA 
treated seedlings. Error bars represent SD (n ≥ 10). 
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JA insensitive and deficient mutants have less trichomes than wild type, such as 
coi1-1 and aos (Yoshida et al., 2009). To further verify if the higher trichome 
densities of lhp1 mutants are JA-related, the trichome number of coi1-1;lhp1-96 
was counted. As it was shown, lhp1 can fully rescue the coi1 defect in trichome 
formation (Figure 22). 
 
Overall, lhp1 mutants showed JA hypersensitive root-growth inhibition, JA-
dependent trichome formation and coi1-1 can be rescued by lhp1 partially in JA-
related flower development and fully in trichome patterning. These physiological 
experiments and genetic analyses all indicate that LHP1 is a repressor in JA 
pathway. Combining with the protein interaction studies, it is suggested that JAZs 
can form a large protein complex with LHP1 and/or other PcG proteins and 




Figure 22. LHP1 acts as the repressor for JA-regulated trichome formation. 
Total trichome number in the first pairs of true leaves in Col (wild type), coi1-1, 




3.4 Molecular mechanism of how PcG proteins inhibit the transcription of 




PcG proteins form repressive protein complexes, which are composed of PRC1 
and PRC2. PRC2 deposits the repressive mark, histone H3K27me3, to the gene 
loci and PRC1 maintains the mark while deposits another repressive mark, histone 
H2A monoubiquitination. Arabidopsis has conserved PRC2 components and 
LHP1 and EMF1 are two PRC1 candidates (Hennig and Derkacheva, 2009).  
 
It has been shown in previous Parts that JAZs and NINJA can recruit PcG 
proteins to form a protein complex and lhp1 mutants have hypersensitive JA 
responses. Therefore, PcG proteins may function as the repressors in JA signaling 
pathway together with JAZs. In this Section, it is found that a large number of JA-
inducible genes carry histone H3K27me3 and have LHP1 binding sites through 
bioinformatic analysis. In lhp1 mutant, JA-responsive genes are de-repressed and 
hypersensitive to JA treatment. EMF1 can directly interact with one JA 





3.4.2.1 Bioinformatic analysis of JA-responsive genes. 
 
NINJA is the adapter in JA signaling pathway which recruits the general 
corepressor TPL. In NINJA knockdown lines, many JA responsive genes are 
overexpressed by microarray analysis (Pauwels et al., 2010). It was found that 
among the 67 genes that are upregulated in NINJA knockdown lines, 31 genes 
have LHP1 binding sites and 49 genes have H3K27me3 deposition. 27 out of the 
67 genes bear both LHP1 binding sites and H3K27me3. This indicates that the 
adaptor protein NINJA may associate with LHP1 and that loss of NINJA causes 
the release of LHP1 in JA repressive complex, leading to the de-repression of JA 
responsive genes. 
 
Genes encode JA biosynthetic enzymes and JAZs are well known early JA 
responsive genes (Goda et al., 2008; Thines et al., 2007). Some of the genes also 
bear H3K27me3 and/or LHP1 binding sites (Table 3). All these bioinformatic 
analyses indicate that LHP1 binding and the histone repressive mark are 
important to prevent the expression of JA responsive genes in the absence of JA.  
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Table 3. Characterization of JA-responsive genes. Genes in bold are 
experimentally analyzed in this study. 
Locus 
Gene 
Name LHP1 binding* H3K27me3 
AT1G07180 GNAT   5' UTR 
AT1G52000   coding region 
AT1G17420 LOX3 coding region coding region 
AT1G19610 PDF1.4  coding region and 3' UTR 
AT1G19640 JMT 5' UTR and coding region coding region 
AT1G30135 JAZ8 5' UTR coding region 
AT1G48500 JAZ4 coding region coding region 
AT1G55020 LOX1 coding region  
AT1G61070 PDF2.4   coding region and 3' UTR 
AT1G61120 TPS4 5' UTR and coding region 5' UTR, coding region and 3' UTR 
AT1G67560 LOX6  coding region 
AT1G72450 JAZ6  3' UTR coding region 
AT1G74950 JAZ2 3' UTR  
AT1G75830 PDF1.1  5' UTR, coding region and 3' UTR 
AT2G02100 PDF2.2 coding region coding region 
AT2G02120 PDF2.1 coding region and 3' UTR 5' UTR, coding region  
AT2G02130 PDF2.3  coding region and 3' UTR 
AT2G02140 PDF2.6 3' UTR coding region 
AT2G06050 OPR3 coding region coding region 
AT2G22330 CYP79B3 coding region and 3' UTR 5' UTR, coding region and 3' UTR 
AT2G26010 PDF1.3 coding region coding region 
AT2G26020 PDF1.2b  5' UTR, coding region  
AT2G38240  5' UTR and coding region 5' UTR, coding region and 3' UTR 
AT2G39330 JAL23 coding region coding region 
AT3G12500 B-CHI coding region 5' UTR and coding region 
AT3G17860 JAZ3  5' UTR 
AT3G22740 HMT3 coding region and 3' UTR 5' UTR, coding region and 3' UTR 
AT3G25760 AOC1 3' UTR coding region and 3' UTR 
AT3G25770 AOC2 5' UTR 5' UTR and coding region 
AT3G45140 LOX2 coding region 5' UTR 
AT3G55970 JRG21 coding region 5' UTR, coding region and 3' UTR 
AT4G23600 TAT1  5' UTR and coding region 
AT5G13220 JAZ10  5' UTR, coding region and 3' UTR 
AT5G24770 VSP2 5' UTR coding region 
AT5G44420 PDF1.2a   5' UTR 
Note that LHP1-binding genes and H3K27me3-bearing loci are taken from Zhang 
et al., 2007 and Zhang et al., 2007, respectively. 
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3.4.2.2 JA-responsive genes are partially de-repressed and show 
hypersensitive expression pattern upon JA treatment in lhp1 mutants 
 
To find out if the expression of JA responsive genes was affected in lhp1 mutants, 
RNA analyses were performed in 6 DAG Col and lhp1 seedlings treated with 5 
µM JA for 1 hour before sample harvest. Eight genes were picked up from 
previous microarray studies: AT2G38240, GCN5-RELATED N-
ACETYLTRANSFERACE (GNAT, AT2G39030), JACALIN-REALTED LECTIN 23 
(JAL23, AT2G39330), JAZ10 (AT5G13220), JASMONATE-REGULATED GENE 
21 (JRG21, AT3G55970), JASMONIC ACID CARBOXYL 
METHYLTRANSFERASE (JMT, AT1G19640), LIPOXYGENASE 2 (LOX2, 
AT3G45140) and VEGETATIVE STORAGE PROTEIN 2 (VSP2, AT5G24770). 
Two genes were chosen as internal control: TUB2 and AT5G15710 (a 
constitutively expressed gene used qPCR normalization, Czechowski et al., 2005). 
It was found that LOX2 was constitutively expressed in lhp1 mutant seedlings, 
while JAZ10 and JRG21 showed JA hypersensitive expression pattern in lhp1. For 
the rest five genes, they all had constitutive and JA hypersensitive expression 




Figure 23. JA-responsive genes show constitutive and hypersensitive 
expression pattern in JA treated lhp1 seedlings. 
Relative mRNA levels of AT2G38240, GNAT, JAL23, JAZ10, JMT, JRG21, 
LOX2 and VSP2 in seedlings of lhp1 mutants. Panel (A) shows genes have less 
than 50 fold changes and Panel (b) shows genes have more than 50 fold changes. 
Gene expression is normalized to TUB2 and AT5G15710. The values shown are 
means ± SD.  
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It has been found out that lhp1 has hypersensitivity to JA regulated roots growth 
inhibition (Figure 17), RNA analyses were also performed in Col and lhp1 roots. 
AT1G54020, GNAT, JAL23, JMT, JRG21 and LOX2 were checked. It was found 
that all of the six genes showed constitutive and hypersensitive expression pattern 
in two lhp1 alleles roots (Figure 24). Thus, LHP1 plays a repressive role in JA 




Figure 24. JA-responsive genes show constitutive and hypersensitive 
expression pattern in JA treated lhp1 mutants roots. 
Relative mRNA levels of AT1G54020, GNAT, JAL23, JMT, JRG21, and LOX2 in 
roots of lhp1 mutants. Gene expression is normalized to TUB2 and AT5G15710. 




3.4.2.3 EMF1 directly interacts with MYB26, a downstream transcription 
factor in JA signaling pathway, to mediate JA-dependent pollen grain 
development 
 
The MYB proteins form a large, functionally diverse family and represent in all 
eukaryotes. Most MYB proteins function as transcription factors with varying 
numbers of MYB domain repeats conferring their ability to bind DNA. In plants, 
the MYB family has selectively expanded, particularly through the large family of 
R2R3-MYB. Members of this family function in a variety of plant-specific 
processes, as evidenced by their diverse functions in Arabidopsis. MYB proteins 
are key factors in regulatory networks controlling development, metabolism and 
responses to biotic and abiotic stresses (Dubos et al., 2010).  
 
The myb26/male sterile35 (ms35) mutant is male-sterile due to anther dehiscence 
failure. In the wild type, secondary thickening occurs in the endothecium as bands 
of striated spring-like thickening composed of cellulose and lignin. Deposition 
commences during pollen mitosis I and is maximal by the end of pollen mitosis II. 
Secondary thickening is absent from the surrounding cell layers of the anther and 
is necessary to create the shearing force required for anther dehiscence (Yang et 
al., 2007). Wall thickenings are not formed in the ms35 endothecium, resulting in 
the endothecial cells becoming flattened and distorted (Dawson et al., 1999). 
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However, the patterns of lignification in the vascular tissue of the anthers, stem, 
and leaves are the same in wild-type and ms35/myb265 plants. Therefore, the 
ms35 mutation appears to specifically affect secondary wall deposition in the 
endothecium in anther development. 
 
MYB26 is localized to the nucleus and overexpression of MYB26 can partially 
complement the ms35 mutation. Expression of MYB26 is detected in a number of 
floral organs, but no vegetative expression is seen. High levels of expression are 
seen in the style and nectaries of the flowers. Immediately after MYB26 
expression, other genes directly linked to secondary thickening are expressed, 
implying that MYB26 acts upstream of secondary thickening via the regulation of 
genes such as the NAC domain genes NST1 and NST2 and may direct cell 
expansion and the change of cell competence toward secondary thickening (Yang 
et al., 2007). 
In the previous Sections, it was found that LHP1 can repress JA-responsive gene 
transcription by association with JAZs, but may not directly interact and inhibit 
the activities of downstream transcription factors. In this study, it was found that 
MYB26 can interact with EMF1 on SD4- plates by yeast two hybrid analyses 




Figure 25. EMF1 and MYB26 interaction in yeast. 
 Full-length MYB26 and EMF1 sequences were fused with the GAL4 AD and BD 
domain sequences. Yeast cells containing these fusion sequences, AD or BD, as 




Next, the interactions between MYB26 and JAZs were checked by yeast two 
hybrid assays. It was found that MYB26 can interact with a number of JAZ 
proteins on SD4-, which suggests the involvement of MYB26 in JA signaling 
pathway (Figure 26). One pair of the interaction was further verified by pulldown 
assay. As it was shown, GST:MYB26 expressed from E. coli can pull down 
JAZ5:HA from Arabidopsis seedlings (Figure 27).  
 
To further confirm the role of MYB26 in JA-mediated anther development, 
MYB26 was overexpressed in coi1-1 under CaMV 35S promoter and it was fond 
that three individual coi1-1 transgenic lines were partially fertile and set small 
amounts of seeds (Figure 28A and B). These results suggest that MYB26 is 
essential for JA-regulated male fertility.  
 
Thus far, it is shown that EMF1 can directly interact with a JA pathway 
transcription factor. This raises a possibility that EMF1 might directly inhibit the 




Figure 26. MYB26 and JAZs interactions in yeast. 
JAZs and MYB26 full-length sequences were fused with the GAL4 AD and BD 
domain sequences, respectively. Yeast cells containing these fusion sequences, 
AD or BD, as indicated, were tested on the synthetic media lacking of Ade, His, 




Figure 27. JAZ5 interacts with MYB26. 
GST:MYB26 pull-down JAZ5:HA. Equal amounts of the bacteria extract 
containing GST or GST:MYB26 was incubated with the plant extract with 
JAZ5:HA. Proteins were recovered using glutathione-linked resins and analyzed 
by immunoblotting with anti-HA antibody. The Input was JAZ5:HA extract used 




Figure 28. Transgenic expression of MYB26 partially rescues the male 
fertility of coi1-1. 
(A) Main inflorescences in Col (wild type), MYB26 OX: coi1-1, and coi1-1. 
Arrows indicate fertile siliques in MYB26 OX: coi1-1. 















In this study, it was found that Arabidopsis PcG proteins repress JA-responsive 
genes in cooperation with JAZs. Protein interactions between JAZs, NINJA and 
PcG proteins have been identified by both in vitro and in vivo assays. Two lhp1 
alleles show various constitutive and hypersensitive phenotypes of JA responses. 
lhp1 mutants have more trichome and show more root reduction in JA medium, 
which indicate that LHP1 acts as a repressor in JA signaling pathway. This can be 
further confirmed by genetic analyses. lhp1 can partially rescue the JA defective 
phenotypes of the JA receptor mutant coi1. The double mutant of coi1-1;lhp1-96 
has partial male fertility and the same number of trichomes per leaf as lhp1 single 
mutant, which demonstrates the repressive role of lhp1 in JA transduction. In 
addition, a number of JA-dependent genes are the targets of H3K27me3 and 
LHP1. Besides that, another PcG protein, EMF1, is found to directly interact with 
MYB26 through protein interaction. MYB26 acts as a JA downstream 
transcription factor in stamen development and transgenic plants of MYB26 
overexpression in coi1-1 can set seeds. Taken together, PcG proteins form a 
repressive protein complex with JAZs and NINJA and to repress the transcription 
of JA-responsive genes in the absence of jasmonate. Our study demonstrates the 




4.1 Interactions between JAZs and PcG proteins 
 
As it was shown in this study, both PRC1 and PRC2 components associate with 
JAZs by in vivo and in vitro assays. Among them, LHP1 can interact with NINJA 
and a number of JAZs. For other PcG components, BMI1a, EMF1, EMF2, FIE 
and MSI1 can interact with some JAZs in yeast tests and GST:BMI1a can also 
pulldown NINJA by in vitro assays. Therefore, it seems that the association of 
JAZs with PcG proteins is through a number of proteins in PRC1 and PRC2. Our 
physiological and genetic studies about lhp1 mutants demonstrate that LHP1 
indeed in involved in the repression of JA-responsive genes and mediates JA-
regulated plant growth and development. 
 
Among the JAZs, JAZ8 lacks the degron but owns an EAR motif, which is to 
recruit TPL (Shyu et al., 2012). JAZ8 is resistant to JA-dependent degradation 
and plants with overexpressed JAZ8 show JA resistant phenotypes, all of which 
indicate that JAZ8 may acts as a quencher for the JA signaling pathway (Shyu et 
al., 2012). Here we show that JAZ8 also interacts with a number of PcG proteins 
and associates with LHP1 through its EAR motif, suggesting that PcG proteins 
may also play a role in the negative feedback of JA response. On the other hand, it 
is reported that JAZ8 represses JA-responsive genes in a NINJA independent way 
(Shyu et al., 2012). Therefore, PcG proteins seem to participate in JA silencing in 




NINJA recruits another general corepressor, TPL, through its EAR motif, which 
raises the question of the relationship between TPL and PcG proteins. No direct 
protein interactions between TPL and any PcG proteins has been identified in this 
study, therefore whether TPL and PcG proteins work coordinately or separately in 
JA signaling pathway remains to be explored.  
 
 
4.2 JA-related phenotypes in lhp1  
 
Here we show, lhp1 mutants have various constitutive and hypersensitive 
phenotypes of JA responses, which demonstrate the repressive function of LHP1 
in JA signaling pathway.   
 
lhp1 mutants show similar JA reduction in root growth phenotype as the NINJA-
RNAi lines, which further suggests that the two proteins work in the same 
complex. Recent study finds that the short root length of ninja mutant is mainly 
due to the shorter cell length in the differentiation zone compared with wild type 
but not due to reduced cell number (Acosta et al., 2013). The root length of lhp1 
is similar to wild type in mock plates, which is different from ninja. LHP1 
interacts with SCR and lesion of LHP1 causes premature middle cortex, which 
can be rescued by exogenous GA (Cui and Benfey, 2009). Whether NINJA has 
the same effect and is involved in GA regulation remains to be characterized. This 
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indicates that although the two genes have the same effects on JA-regulated root 
elongation, they still have different roles in other aspects of root development. 
 
lhp1 can partially rescue the male sterility of coi1, double mutant flowers at a 
branch end can be self-fertilized and pollen grains of double mutant has about 
10% viability. However, it was observed that the majority of developing seeds are 
embryonic lethal, which indicates that JA also controls other aspects of 
reproductive development.  
 
GL1 and GL3 encode the main transcription factors for trichome formation and 
they are subject to the deposition of histone H3K27me3 and LHP1 binding 
(Yoshida et al., 2009; Zhang et al., 2007). Two lhp1 alleles have more trichome in 
the first pairs of true leaves with or without JA treatment, which indicates that the 
transcription of GL1 and GL3 are suppressed by LHP1. Further experiments need 
to be done to find out whether LHP1 controls trichome formation directly through 
GL1 and GL3 or not. 
 
 
4.3 A number of JA-regulated genes are PcG targets 
 
Bioinformatic analyses found out that a number of JA biosynthetic, signaling 
transduction and responsive genes are the targets of PcG proteins, such as JAZs, 
LOX2, OPR3, AOCs, PDFs, and VSP2. Our RNA expression studies show that in 
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lhp1, these genes are de-repressed and hypersensitive to JA induction. Among 
these genes, JA biosynthetic genes are under control of JA positive feedback loop, 
which indicates that lhp1 mutants may have a higher level of JA. JAZ10 is 
alternatively spliced and JAZ10.3 and JAZ10.4 are resistant to JA induced 
degradation (Chung and Howe, 2009). Higher expression of JAZ10 in JA treated 
lhp1 seedlings indicates that PcG proteins are also involved in JA negative 
feedback loop. 
 
The frequent occurrence of histone H3K27me3 deposition and LHP1 binding in 
JA-responsive loci indicate the important role of PcG proteins in silencing JA-
responsive genes. On the other hand, the JA hypersensitive phenotypes of lhp1 
mutants indicate that JAZ proteins still can partially repress the transcription of 
JA-regulated genes in the absence of LHP1. LHP1 and/or other PcG proteins may 
coordinate with JAZs to repress gene expression in the absence of the hormone 
and loss of LHP1 and/or other PcG proteins weakens the repressive ability of 
JAZs. Therefore, it is necessary to test whether LHP1 binding and/or the 
deposition of histone H3K27me3 are changed during JA treatment. Meanwhile, 
whether the binding of JAZs to the transcription factors is weakened or lost also 





4.4 MYB26 is a JA downstream transcription factor in stamen 
development 
 
MYB26 encodes a transcription factor for anther secondary thickening, which 
provides energy for pollen grain release. It targets several cell wall secondary 
thickening genes, such as NST1, NST2, IRX1 and IRX8. myb26 mutant is male 
sterile due to anther dehiscence failure (Yang et al., 2007). Here, we found that 
MYB26 works in the JA signaling pathway. It interacts with JAZ proteins and its 
expression is subject to JA regulation. Overexpression of MYB26 can partially 
rescue the male fertility of coi1-1. This is similar to the overexpression of MYB21, 
another JA downstream transcription factor for stamen development (Mandaokar 
et al., 2006). This indicates that the two transcription factors may act in the same 
JA-regulated genetic pathway for stamen development. 
 
MYB26 can interact with EMF1 in yeast assay. MYB26 is exclusively expressed 
during flower development, in vivo assay of protein interaction and functional 
studies about the role of PcG in flower formation is technically challenging. 





4.5 Proposed action model of PcG proteins in JA signaling 
pathway 
 
Based on the data we have, we propose that PcG proteins play a repressive role in 
JA signaling pathway. In the absence of JA, JAZs cooperate with PcG proteins in 
target genes and PcG proteins deposit the repressive marks, histone H3K27me3 
and H2Aub, to inhibit transcription. In the present of JA, JAZs are degraded and 
the repressive marks are lost, leading to the transcription of JA-inducible genes. 
After the elicitation, JAZs binds to the target genes and recreates the repressive 





Figure 29. PcG proteins participate in gene silencing of JA-inducible genes. 
(A) In the absence of JA, JAZs associate with PcG protein to repress the 
transcription of JA-inducible genes. 
(B) In the presence of JA, JAZ proteins are degraded and PcG repression is lost in 






4.7 Future experiments 
 
Based on the proposed model and current analyses, the following experiments 
could be conducted in the future. 
 
Firstly, gene expression analyses were only conducted for JA-responsive genes in 
lhp1 mutants, other genes specific for JA-related developmental processes have 
not been analyzed yet. For example, GL1 and GL3 are exclusively for JA-
regulated trichome formation and MYB21 and MYB24 are for flower development. 
Whether these genes are under the control of PcG proteins needs to be 
experimentally tested and these results may give more hints on how PcG proteins 
regulate JA-mediated plant growth and development. 
 
Secondly, bioinformatic analyses found out a number of JA-inducible genes with 
histone H3K27me3. Whether JA treatment can affect the deposition and 
maintenance of this repressive mark are still unknown. Dynamic ChIP analyses 
will further verify the model we have proposed. 
 
Lastly, as discussed before, the relationship between TPL and PcG proteins are 
unknown. They all can interact with JAZs and repress JA-responsive genes. But 
whether they work coordinately or separately are unknown. Our yeast analyses 
found that TPL does not interact with any of the PcG components, indicating that 
they may not form protein complex. Genetic analysis of lhp1;tpl double mutant 
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and ChIP assays about the relationship between histone H3K27me3 and histone 
acetylation at the JA-responsive loci may give indication to whether TPL and PcG 
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